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ABSTRACT
 
Anodised titanium dioxide (titania, TiO2) nanotubes have been widely studied over the 
last few years, following the discovery in 1999 of nanoporous TiO2 films prepared via 
anodisation in aqueous solution containing small quantities of hydrofluoric acid. The 
synthesis of nanotubular titania by anodisation, a relatively simple and low cost 
technique, represents a motivation for scientists, considering the impact that such a 
material could have on a variety of applications, including gas-sensing, biomedical, 
photocatalysis, and photovoltaics. This research project has focused on the optimisation 
of the growth process of anodic titania nanotubes, both in an aqueous (NaF/Na2SO4) 
and an organic (Glycerol/NaF) electrolyte containing fluorine ions. Reproducibility and 
the ability to generate anodic films having a thickness of several micrometers are 
fundamental steps to be achieved before investigating any possible application of the 
nanotubes. To characterise the anodic specimens and build upon the general lack of 
information on the growth mechanism, a comprehensive study of the different stages of 
the process has been performed, using Scanning and Transmission Electronic 
Microscopy (SEM and TEM). Among the questions to be addressed in this thesis, is to 
establish whether the anodic film undergoes a transition from pores to tubes or develops 
a tubular morphology from the beginning of its growth. Additional characterisation of 
the anodisation process includes the study of current-time curves, and chemical 
composition analysis of the anodic layers using X-ray Photo-Electron Spectroscopy 
(XPS). The thermal stability of the nanotubes and structural/morphological changes as a 
result of heat treatment at different temperatures were also studied, again using SEM, 
TEM, XPS and Raman spectroscopy. The final part of the thesis is dedicated to 
preliminary work on the use of anodised TiO2 nanotubes in Dye Sensitized Solar Cells 
(DSSCs), along with suggestions for future works and general conclusions. 
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CHAPTER 1 
ANODISED TiO2 NANOTUBES: STATE OF 

THE ART AND OBJECTIVES OF THE THESIS
 
1.1 Aims of the Chapter 
This chapter provides the reader with a comprehensive overview of the research on 
anodised titania nanotubes, which represents the topic of the work in this thesis. The 
most significant achievements along with controversies and gaps within existing 
knowledge are highlighted, including a general discussion about the possible 
applications of nanostructured titanium dioxide. The final part of the chapter describes 
the objectives and the structure of this thesis work. 
1.2 An introduction to titanium dioxide: polymorphs and properties 
Titanium dioxide (titania, TiO2) represents one of the most important compound of 
titanium and oxygen, and is an extremely versatile material, suitable for a variety of 
technological applications [1]. TiO2 exists in three distinct crystalline polymorphs: 
rutile, anatase, and brookite, respectively shown in Fig. 1.1a, 1.1b and 1.1c. Rutile is 
the most common natural form of titania [2], the most studied and well known of the 
three polymorphs. Anatase, which is rare in abundance in comparison to rutile, is also of 
great interest, particularly for its key role in the injection and transport of electrons in 
1
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photovoltaic devices [3]. Brookite is the rarest form of the mineral, and is not easily 
obtained synthetically [4]. As can be seen from Fig. 1.1a-c, all three crystal structures 
are made up of distorted octahedra, each one representing a TiO6 unit, where each Ti
4+ 
is at the centre of the unit and coordinates six O2- ions. The manner in which the 
octahedra assemble to form a TiO6 based chain is different and characteristic of each 
polymorph. Table 1.1 lists some of the key properties [2,4] of the three predominant 
titania polymorphs. Both rutile and anatase have a tetragonal crystal structure, whereas 
brookite has an orthorhombic symmetry. Rutile is the densest phase and has the highest 
refractive index, while anatase is characterised by the widest band-gap (~3.2eV) [4]. 
The properties (density, band-gap and refractive index) of brookite fall between those of 
rutile and anatase. 
Figure 1.1 TiO2 different crystal structures: rutile (a), anatase (b) and brookite (c). 
Images courtesy of Joseph R. Smith, University of Colorado [5]. 
Crystal System Density 
(g/cm3)[2,4] 
Optical 
Band-Gap (eV)[4] 
Refractive 
Index [4] 
Rutile tetragonal 4.13-4.26 3.0 2.72 
Brookite orthorhombic 3.99-4.11 3.11 2.63 
Anatase tetragonal 3.79-3.84 3.19 2.52 
Table 1.1 Different TiO2 polymorphs and some of their physical properties. 
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1.3 TiO2: a broad range of applications 
TiO2 is widely used in everyday life being, for example, the most commonly used white 
pigment in paints and food [6], due to its high refractive index. It also finds interest in 
biomedical applications (orthopaedic and dental implants) [7]. Biocompatibility is 
ensured as a result of the formation of a passivated surface on Ti (i.e. presence of TiO2 
on the surface of the metal). This protective layer is modified by the presence of 
calcium and phosphate ions contained in the biological environment and gives titanium 
implants the ability to bind with natural bone. Titanium dioxide is a natural n-type 
(excess of negative carriers, electrons) wide band gap semiconductor and the band gap 
varies slightly with crystal phase. As a result of its photo-stability it has been 
successfully utilised in photo-catalysis [8], photo-splitting of water [9] and photo­
voltaic devices such as dye-sensitised solar cells [10]. For the same reason it is often 
added as a component in sunscreen protection cosmetics and, more generally, to light 
sensitive materials since it adsorbs UV radiation and therefore reduces degradation 
processes [11]. TiO2 is also widely used in gas-sensing devices due to changes in 
electrical or optical properties on adsorption of specific molecules on the surface of the 
material [12]. 
1.4 Nanostructured TiO2 
The wide ranging properties of titanium dioxide have generated a great deal of interest 
in many different fields. It is therefore not surprising that over the past few years, many 
researchers have focused their studies on the production and processing of 
nanostructured titania. One of the most obvious advantages provided by nanomaterials 
is that of the greatly increased surface area offered by small particles. In addition, 
electrical properties, may change when passing from the macroscale to the nanoscale, 
because of quantum effects provoked by the extremely small size of the particles. 
Among the methods known for the synthesis of nanostructured titania, from nanotubes 
to nanowires and nanopores, the most important are anodisation, sol-gel, hydrothermal, 
and vapour deposition methods [13,14]. It is beyond the scope of this work to present in 
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detail all of these different synthesis strategies and discussion will be limited to the 
generation of nanostructured titanium dioxide via anodisation in fluoride containing 
electrolytes, particularly nanotubes. Anodisation has attracted attention as it is a 
relatively low cost process and represents an ideal solution for growing nanostructured 
TiO2 for use in the variety of fields highlighted above [6-12]. The following part of the 
chapter reviews the most relevant achievements regarding the research on anodised 
titania nanotubes, along with a discussion of current ideas and understanding of the 
process. 
1.5 Anodisation of titanium 
The anodisation of metals, particularly aluminium and titanium, as a technique to 
generate a protective oxide layer on the metal surface, has been known for many years. 
Due to the high affinity of aluminium and titanium surfaces for oxygen, these metals, 
once exposed to the air, are covered by a thin layer of protective oxide [15] few 
nanometers thick. Scientists have intensively worked to enhance the quality of the 
natural oxide and increase its thickness, aiming to improve the resistance of the metal to 
corrosion, a critical issue in many industrial applications, and more generally the quality 
of the film covering the metal. By exploiting electrochemical processes it is possible to 
address and solve these problems. Anodisation of titanium is normally associated with 
the colouring process, the result of an optical interference effect, used for the production 
of jewellery [16]. The colours, as shown in Fig. 1.2 [17], are purely due to an optical 
effect created by the presence of a thin transparent oxide film on the metal surface, and 
depend on the applied voltage. The natural (native) oxide layer covering the metal is too 
thin to provide interference and is therefore colourless (see the native oxide on the left 
of Fig. 1.2). 
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Figure 1.2 The range of colours obtained by anodising titanium at different voltages 
[17]. 
1.5.1 Different types of anodic TiO2 
It is well known from studies on anodised aluminium oxide [15] that the electrolyte 
used to anodise plays a key role in determining the morphology of the growing oxide. 
To develop cavities in the anodic layer and produce a porous oxide, the electrolyte has 
to dissolve part of the forming oxide; otherwise the structure would develop as an 
impermeable barrier layer (pore free) and rapidly stop growing. The barrier and 
porous/tubular forms of TiO2 will now be discussed. 
1.5.2 Barrier layer type 
During the colouring of titanium metal by anodisation, the oxide that is forming is a 
barrier type (pore free) film. Its anodising ratio, defined as the maximum oxide 
thickness obtainable per volt, is in the range 1-3nm/V [18]. As the oxide film grows 
thicker and its resistance increases, it acts as a barrier to the flow of ions and electrons 
and the oxidation process slows and eventually ceases. The presence of a pore free 
barrier layer limits the final thickness of the oxide to within a few hundred nanometers. 
Some of the electrolytes capable of forming barrier type TiO2 films are based on 
aqueous solutions of sulphuric, phosphoric or acetic acid [17], as listed in Table 1.2. 
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1.5.3 Porous/tubular layer type 
Nanoporous and tubular titania layers form on passage of an anodisation current when 
using fluoride containing electrolytes. The titania layers develop perpendicular to the 
metal substrate and, under controlled conditions, are self-organised [19]. Very recently, 
bundles of TiO2 nanotubes (i.e. not self-organised) have been also prepared by rapid 
breakdown anodisation (high voltage) in chloride (fluoride free) containing electrolytes 
[20,21]. Titanium and titanium dioxide are readily dissolved in fluoride-based 
electrolytes, particularly those containing hydrofluoric acid. 40 ions react with both the 
metal and the oxide to form a titanium hexafluoride complex [TiF6
2-], which is stable in 
water. As shown in Table 1.2, the structure of a nanoporous or nanotubular oxide has a 
thin barrier inner layer at the metal/oxide interface (M/MO) and a porous outer layer at 
the oxide/electrolyte (MO/Electrolyte) interface [22]. 
Barrier type oxide Nanoporous and Nanotubular type oxide 
Structure Thin (few hundreds of a. Inner layer at the M/MO interface: 
nm) and compact thin (≤ 50nm), barrier type 
b. Outer layer at the MO/Electrolyte 
interface: porous/tubular form (up to 
>1000µm) 
Electrolyte Solutions of a. Aqueous and organic solutions 
sulphuric, phosphoric, containing fluoride ions [19] 
acetic acid [17] b. chlorine based solutions [20,21] 
Table 1.2 Different morphologies of titanium oxide which can be grown by 
anodisation. 
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1.6 A closer examination of anodised TiO2 nanotubes 
The ability to grow porous oxide anodic structures, particularly nanoporous alumina, 
has been known for more than 60 years. In 1953 Keller and co-workers [23] described 
the anodic alumina array as a hexagonally close-packed duplex structure consisting of a 
porous and a barrier (pore free) layer. The degree of self-order in porous alumina was 
optimised in 1995 by Masuda and Fukuda [24] using a two-step anodising approach. 
While the growth mechanism of nanoporous alumina is well understood, the generation 
of nanoporous and nanotubular titania is a relatively new research area. The recent 
developments in this area will now be described. 
1.6.1 First generation of TiO2 nanotubes 
In 1999, Zwilling and co-workers commented on the formation of nanoporous anodised 
titania [25], while the first report on anodised titania nanotubes (first generation), grown 
using a dilute solution of hydrofluoric acid (HF) as an electrolyte, is dated 2001 [22]. 
The thickness of the anodic layer was limited to approximately 0.5µm, since the 
relatively aggressive HF etched and dissolved most of the growing oxide, preventing the 
formation of long nanotubes. 
1.6.2 Second generation of TiO2 nanotubes 
The rapid rate of titania dissolution in the first generation of nanotubes was reduced by 
replacing the HF acid with less aggressive solutions containing fluoride salts (second 
generation of nanotubes), raising the maximum thickness up to 2-3μm [26-29]. It is 
interesting to note that tubes prepared in water based media exhibit irregularities 
(ripples) along the walls of the nanotubes. The dissolution rate of titania and titanium in 
fluoride ions is maximised at lower pH and Macak and colleagues [27] explained the 
increase in thickness in terms of a higher dissolution at the pore bottom (localised 
acidification due to titanium hydrolysis and oxide dissolution), as shown schematically 
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in Fig. 1.3. While the pore bottom is at a low pH, the pore mouth (top of the 
pores/tubes) remains under a protective environment (higher pH) by using chemical 
buffer species [NH4F/(NH4)2SO4]. The same authors [27] speculate a voltage ramp 
applied at the beginning of the anodising process would help set up a pH gradient 
between the bottom and the top of the tubes extending the oxidation process to longer 
time. 
Figure 1.3 Schematic of the pH profile developing within the tubes during the 
anodisation process according to Macak et al. [27]. 
1.6.3 Third generation of TiO2 nanotubes 
The third generation of nanotubes refers to smooth tubes (i.e. no ripples along the wall), 
prepared in organic electrolytes (some almost water-free), where the dissolution rate of 
the forming oxide is minimised. For clarity a comparison of SEM cross section images, 
taken from literature [30], of nanotubes grown respectively in an aqueous and in an 
organic environment are shown, respectively, in Fig. 1.4a and 1.4b. 
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Figure 1.4 A comparison between SEM cross section images of irregular nanotubes 
prepared in an aqueous based media (a) and smooth nanotubes prepared in an organic 
electrolyte (b) [30]. 
It can be observed that tubes obtained in water are much rougher an irregular (i.e. 
ripples along the wall) than the smooth tubes grown in organic media. At first, the idea 
was to use a viscous electrolyte [30], where ion diffusion is slower than in water, to 
increase the pH gradient between the bottom and the top of the tubes. This led to the 
formation of titania nanotubes up to 7µm thick (compared to 0.5 µm for first 
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generation). They also attributed the smoothness and the regular morphology of the tube 
walls to the lower diffusion coefficient of the electrolyte which suppresses pH bursts at 
the pore bottom which occur when working in aqueous media. Over the last few years, 
tubes up to 320 µm long have been grown by Grimes’s research group using polar 
organic electrolytes to enhance the extraction of Ti4+ from the metal and inhibiting the 
growth of the barrier layer at the metal/oxide interface, by using larger cations in the 
salts as a source of fluoride ions [31-34]. Nanotubes up to 1000µm have also been 
grown using ethylene glycol based electrolytes [35]. Schmuki and co-workers have 
obtained similar results [36], also enhancing the ordering to that of a hexagonally close 
packed array using a multi-step approach [37], opening the way to a fourth generation 
of tubes. The following section will discuss the fundamental aspects and chemistry of 
the growth of titania by anodisation. 
1.7 The growth of TiO2 nanotubes: fundamental aspects 
1.7.1 Chemistry of the process 
The formation of TiO2 nanotubes is the result of competition between field-assisted 
anodic oxidation, defined as the formation of the anodic layer under an applied electric 
field (Eqn.1.1), and chemical/field assisted dissolution of the forming oxide (Eqn.1.2), 
which can be regarded as dissolution promoted by the presence of fluoride ions 
(chemical dissolution) and by the electric field weakening the bond between Ti and O 
(field assisted dissolution) [31]: 
Ti  2H O  TiO  2H (Equation 1.1)2 2 2 
  2TiO2  6F  4H  TiF6  2H 2O (Equation 1.2) 
The presence of fluoride ions in the electrolyte leads to the formation of fluoro­
complexes. The most stable is TiF6
2-, which has a large negative Gibb’s free energy of 
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formation ( G 0  2118.4kJ / mol ) [38]. For comparison, the Gibb’s free energy of 298 
0formation of TiO2 is G298  821.3kJ / mol [38]. The formation of fluoro-complexes 
is also aided by the applied voltage, which drives fluoride ions (F-) toward the metal 
along with Ti4+ toward the electrolyte (Eqn. 1.3): 
4  2Ti  6F  TiF6 (Equation 1.3) 
The barrier layer at the bottom of the nanotubes (at the metal/oxide interface) acts as a 
resistance to the flow of ions such as Ti4+ and O2-, which need to move through the 
anodic film to maintain active the oxidation (Eqn. 1.1). Greater resistances (i.e. thicker 
barrier layers) can be overcome by increasing the applied anodisation voltage (i.e. a 
higher electric field). The presence of fluoride ions in the electrolyte allows creation of 
channels in which current can flow [39] and keeps the oxidation process active. The 
thickness of the barrier layer underneath the pores/tubes is constantly reduced by 
dissolution (Eqn. 1.2) and in turn regenerates by oxidation (Eqn. 1.3). The nanotubes 
length increases until the oxidation rate at the metal/oxide interface equals the chemical 
dissolution rate of the top surface of the tubes (at the oxide/electrolyte interface). After 
this point, the nanotube length is independent of time. A detailed discussion of the 
chemistry of the process, taking into account the complexity of the growth as well as 
possible side-reactions and their influence on the final morphology will be discussed in 
Chapter 6, which aims to provide a comprehensive growth model and mechanisms to 
explain the formation of the titania nanotubes. 
1.7.2. High-field and diffusion regime 
The anodic growth of titanium is normally based on the high-field regime hypothesis 

developed for the growth of a variety of anodic barrier layer oxides [18].
 
The main assumptions of the high-field model are:
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i.	 Ions have specific mobility within the anodic layer under the action of the electric 
field. Cations move outward from the metal, and anions move inward to the metal, 
and the oxide grows both at the metal/oxide and oxide/electrolyte interfaces [40]. 
ii.	 The conductivity of the oxide films has an ionic ( J  , J ) and an electronicanions cations 
( J ) contribution and the current density ( J ) passing across the oxide can be electrons 
written as: 
J  J  J  J	 (Equation 1.4)anions cations electrons 
Undoped metal oxides such as aluminium and titanium oxide have a very low 
electronic conductivity. The “rate-determining step” depends on the movement of 
ions within the oxide. The current density ( J ) is given by the following 
expression: 
J  J 0 exp(E)	 (Equation 1.5) 
where J 0 and  are parameters dependent on temperature and the nature of the 
metal and E  is the electric field strength in the oxide (~106 V/cm) [18]. 
iii.	 The electric field strength ( E ) is calculated from the potential drop across the 
oxide and the layer thickness d: 
U	 U U
E   0	 (Equation 1.6)
d d 
where U is the potential at the electrode and U 0 is the flat band potential (i.e. 
when the electric field is zero). 
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1.7.3. More recent description of the growth of tubular titania 
Very recently, a more specific description of the growth of porous/tubular titania has 
been proposed by Schmuki and co-workers [19,41]. Their conclusions were: 
i.	 The growth of the porous/tubular oxide is controlled by diffusion of ions within 
the pores and the electrolyte. 
ii.	 Fluoride ions are consumed and TiF6
2 produced at the bottom of the tubes and 
the dissolution at the top of the nanotube is insignificant. The concentration of 
fluoride ion at the bottom of the tubes is zero and C0 in the bulk electrolyte, while 
the opposite is true for TiF6
2 . 
iii.	 The inverse of the anodic current density depends linearly on the nanotube length. 
Deviations occur at extended time (i.e. several hours), when the dissolution at the 
top of the nanotubes becomes significant. 
1.7.4 Key parameters for controlling the growth of the tubes 
Summarising these observations, the key parameters to be taken into account when 
growing anodised titania nanotubes are the following: 
Electrolyte 
The electrolyte plays a crucial role in the growth of anodised titania nanotubes, as 
previously discussed in Section 1.5. The main distinction is between aqueous and 
organic-based media, where the water content is minimised to limit dissolution of the 
oxide. 
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pH 
The pH of the solution is very important, considering the higher dissolution rate of the 
oxide in an acidic environment. This is one of the reasons why dissolution of the anodic 
oxide is at its lowest when using fluoride salts (some of them have basic hydrolysis) 
instead of hydrofluoric acid. 
Fluoride concentration 
Fluoride concentration determines the dissolution rate and has to be kept as low as 
possible, but sufficiently higher to ensure the growth of the tubes. Fluoride 
concentration also affects the pH of the solution. 
Anodisation voltage 
The majority of the anodising experiments on titanium are performed under 
potentiostatic conditions, therefore supplying a constant voltage and monitoring the 
current. Galvanostatic growth has not been investigated to such an extent [42]. The 
applied voltage determines the strength of the electric field developed across the oxide 
layer and also affects the tube diameter, with larger tubes obtained at a higher voltage. 
As an example, when working in aqueous electrolytes, Grimes and co-workers [28] 
generated tubes having an inner diameter of ~40nm at 10V and ~110nm at 25V. 
Temperature 
The temperature of the electrolyte affects the dissolution rate and the tubes are usually 
grown at room temperature. The growth of the tubes in aqueous-media seems to be 
inhibited at a lower temperature (2°C) [43]. In organic based media, where dissolution 
is minimised, it is possible to generate the tubes within a temperature range of 0-40°C 
[44]. 
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1.7.5 Growth model mechanisms proposed in literature 
A detailed discussion of the growth models will be presented in Chapter 6, along with 
the growth model mechanism developed in this work, for comparison with other 
models. The current understanding of the evolution of the tubes is based mostly on 
Scanning Electron Microscopy (SEM) observations and X-ray photo-spectroscopy 
(XPS) analysis of the anodic film. In summary, the current growth model begins with 
the initial formation of a dense barrier layer, followed by the generation of pits and 
cracks in the oxide due to fluoride ions [45]. From these sites deeper pores develop 
either because of field assisted dissolution [46] or a localised acidification taking place 
at the pore bottom, maximising dissolution of the oxide within the existing pores [27]. 
There is no explanation in the literature of at what point and why the initial pores 
transform into tubes. More comprehensive attempts to describe the evolution of the 
tubes have been recently proposed by Schmuki and co-workers [39, 47]. It is suggested 
that the transition from pores to tubes is caused by stress developing at the metal/oxide 
interface. Even so, a clear picture of the various stages of the tube formation process is 
missing. In addition, growth studies have concentrated on SEM, rather than TEM 
studies. TEM analysis would provide more detail on the morphology of the oxide and 
on the presence of cavities and/or regular or random path through which current many 
flow, particularly at the early stages of the process, when the anodic layer is very thin 
(few nanometers). This aspect has been considered within this thesis and a 
comprehensive TEM analysis is presented in Chapters 3-6, helping to clarify the 
growth mechanism behind the generation of the titania nanotubes. 
1.8 Annealing of the tubes 
Factors such as crystal structure, degree of crystallinity and the stability of the anodised 
titania nanotubes at higher temperatures have to be taken into account in order to 
optimise their use in any possible application. For example the crystal structure is very 
important in photovoltaic applications, since it affects the ability to separate and 
transport charges (i.e. therefore affecting the performance of the device). In terms of 
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titanium dioxide, anatase is usually the phase of choice as it allows for an enhanced 
percolation of electrons [3] and provides best results in terms of photocurrent in solar 
cells, although there is not yet a clear explanation of experimental observations. As-
prepared anodised titania nanotubes are usually reported to be amorphous. However, the 
nanotubular structure is reported [48] to be stable, without any changes in morphology, 
up to a temperature of approximately 600°C and can be crystallised to anatase by 
annealing at a temperature of approximately 280-300°C, while rutile crystals appears 
above 450°C [48,49]. It has been suggested [48] that rutile crystals develop mainly at 
the metal-metal oxide interface, following oxidation of the metallic substrate, whereas 
the dominant phase in the nanotubes would be anatase. The collapse of the tubes at 
600°C occurs because of rutile protrusions emerging from the underlying Ti support and 
breaking up the anodic layer. It is interesting to observe how the photocurrent which can 
be generated from the nanotubes is greatly enhanced by annealing the structure to 
anatase [50,51], confirming the importance of using the most appropriate crystal phase 
for a specific application. Annealed tubes behave as an n-type semiconductor presenting 
a doping density of approximately 1.6 x 1020cm-3 [19]. Considering the interest in 
developing dye sensitised cells using anodic TiO2 nanotubes, and as a result of previous 
studies on the effect of heat treatments on the tubes [48,49] this work will use electron 
microscopy analysis to study how the structure and crystallinity of the anodic film 
changes with temperature. In addition, changes in chemical compositions in comparison 
to as-prepared films will be investigated using X-ray photoelectron spectroscopy (XPS) 
analysis. 
1.9 Applications of anodised nanotube: an overview 
The main motivation behind research on anodised TiO2 nanotubes is the possibility to 
investigate their impact on a wide range of technologies, particularly biomedical [7], 
photo-catalysis [8] including photo-splitting of water [9], photo-voltaic [10], protection 
of light sensitive materials [11] and gas-sensing [12], as mentioned in section 1.3. 
These applications are described in detail in the following sections. 
16
 
Chapter 1 Anodised TiO2 nanotubes: state of the art & objectives of the thesis 
1.9.1 Biomedical 
Following a chemical treatment with sodium hydroxide (NaOH), it has been discovered 
that it is possible to grow apatite, fundamental for the bone-binding ability of 
biomaterials, on anodised TiO2 nanotubes [52]. The nanostructure formed, if compared 
to a common Ti/TiO2 orthopaedic (or dental) implant, enhances the adhesion to the 
bone and the ossointegration of the biomaterial, also accelerating the formation of 
calcium phosphate mineral when immersed in a simulated body fluid (SBF) solution. 
Similar conclusions were achieved by Schmuki and co-workers [53]. Popat and co­
workers [54] studied the interaction (adhesion and proliferation) of bone cells on 
anodised TiO2, concluding they represent a more favourable template for the growth 
and maintenance of bone cells, when compared to a flat titanium surface. The same 
research group also reported anodised nanotubes to be suitable for local antibiotic 
delivery, which helps to prevent bacteria infection in orthopaedic implants [55]. 
1.9.2 Photo-catalysis 
Photo-catalysis in solid-state catalysis systems occurs when the electron-hole pair 
(generated by photon absorption) interacts with molecules close to the catalyst surface. 
The most well known example of photo-catalysis is probably the photo-splitting of 
water into hydrogen and oxygen. To achieve a highly efficient use of TiO2 based 
nanomaterials, especially in photo-catalysis and photo-voltaic devices it is important to 
narrow its wide band gap. The band gap of bulk TiO2 lies in the UV regime, 3eV for 
rutile and 3.2 for anatase [4] which is only activated by a small fraction (<10%) of the 
energy of the sun [56]. It is possible to dope anodised TiO2 nanotubes and narrow their 
band-gap so that light in the visible spectrum can also be adsorbed and activate the 
splitting process [57, 58]. When using the nanotubes, the photo-current is higher than 
that of commercial P-25 (Degussa) nanoporous titania as a photo-anode. Although the 
reason for the enhanced performance it is not yet fully understood, it seems there is a 
better extraction of electron and holes in ordered materials. Anodised TiO2 tubes have 
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been also successfully used in the photo-oxidative degradation of organic pollutants 
[59]. 
1.9.3 Photo-voltaic: dye sensitised solar cells 
The use of titania in photo-voltaic applications is mainly related to dye-sensitised solar 
cells (DSSCs) [10]. The working principles underlying the technology, the 
controversies and other aspects of this devices as well as our preliminary study on 
anodised TiO2 nanotubes based sensitised solar cells, carried out as a part of this PhD 
project, are discussed in detail in Chapter 7. Here a brief description of the major 
contributions on the topic is provided. The sensitization of the anodised TiO2 tubes 
extends the harvesting to the visible portion of the solar spectrum, and has been 
demonstrated using a ruthenium-based dye (N3) [60]. The growth of 360nm thick 
anodised nanotubes on a conductive glass substrate, fundamental for a working front 
illumination of the cell has been reported by Grimes and colleagues [61], however all 
subsequent investigations have been limited to back-side illuminated solar cells [62]. 
This is a consequence of the difficulty encountered when anodising titanium thin film 
deposited on a conductive substrate. From a comprehensive study performed by Frank 
and co-workers [63] it emerges that the nanotubes and the nanoparticles in conventional 
DSSCs have similar transport properties (i.e. the electron has to diffuse through the 
oxide and reach the electrode to feed the circuit), however lower recombination occurs 
in the nanotubes because of a higher charge collection efficiency. In addition, the 
nanotubes harvest the light more efficiently than conventional DSSCs, because of 
stronger light scattering effects, however their use in DSSCs is far from optimised. 
1.9.4 Other achievements 
Several reports on the use of anodised titania nanotubes in gas-sensing devices, their 
remarkable change of the electrical conductance (104-108 orders of magnitude) and 
complete reversibility upon exposure to hydrogen, have been published over the last 
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few years [64-67]. It is suggested a synergetic effect of a highly active nanoscale 
surface states capable of activating hydrogen for chemisorption, large surface area, and 
the nanosized walls are the reasons of the remarkable behaviour of the nanotubes in gas 
sensing applications. Furthermore, the combination of titania with other functional 
materials has led to the growth of anodised titania nanotubes on silicon (Si) wafers [68]. 
Nanotubes have also been filled by electro-deposition with Cu nanoparticles [69] 
opening the possibility of developing magnetic materials as well as solid state junction 
solar cells based on anodised titania. It is also of interest to mention their conversion, by 
hydrothermal treatment, into barium titanate [70] and mixed barium-strontium titanate 
(BST) [71, 72], of interest because of their piezoelectric properties. In the last couple of 
years, following the growth of nanoporous alumina and nanotubular titania, researchers 
have extended the electrochemical growth of nanoporous oxide structures to other 
metals, including Zr [73], Nb [74] and W [75]. 
1.10 Conclusions 
The state of the art on anodised TiO2 nanotubes grown in fluoride containing media can 
be summarised by the following points: 
i.	 TiO2 is a highly versatile material, of interest in a variety of applications. Research 
based on this oxide is currently focusing on combining its properties with unique 
advantages provided by nanosized particles (i.e. greater surface area, improved 
reactivity, catalytic and quantum effects). 
ii.	 Among the different synthetic approaches, the anodisation of Ti in fluoride 
containing media, to generate TiO2 nanotubes has been the object of many studies, 
particularly over the last 3 years. This has led to the successful growth of 
nanotubular TiO2 anodic arrays having a thickness of several hundreds of microns 
(third generation of tubes) as well as to the development of hexagonal close-
packed structures (fourth generations of tubes). 
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iii. Although the anodising process have been improved, there is still a general lack of 
understanding on how the anodic structure forms and evolves from the early 
stages to its final tubular morphology. For example, most of the growth model 
mechanisms assume the structure changes from porous to tubular at a certain point 
of the anodisation process, although there is no clear evidence of such a transition. 
iv.	 It is of interest to note that the tubes are stable to high temperatures and can be 
converted from amorphous into anatase and rutile (although it is not clear whether 
rutile is only forming at the interface metal/metal oxide). 
v.	 Preliminary results on the use of anodised TiO2 nanotubes in many different 
applications are certainly encouraging. However, considering the novelty of the 
subject there have not been yet any systematic studies on the behaviour of the 
nanotubes in biomedical, photovoltaic, sensing and catalysis devices and it is not 
clear why the tubes appear to perform better than randomly disposed titania 
nanoparticles normally utilised in such a devices. 
1.11 Objectives of the thesis 
In conclusion, there have been several studies on the generation of anodised TiO2 
nanotubes within the last few years and different aspects have been covered by other 
research groups. Nevertheless there are still some weaknesses and controversies to be 
resolved and the primary aim of this PhD project is to investigate some of them and to 
provide new insights on the subject. Among the aspects to be clarified, of particular 
interest (and therefore considered within this work) was the general lack of 
understanding on the growth mechanism, despite several models proposed to justify the 
formation of the nanotubes. There is clearly a lack of TEM investigations of the anodic 
oxide structure, particularly at the early stages of its growth. In addition, among 
different parameters affecting the growth of the anodic layer, the effect of a voltage 
ramp, applied in the early stages of the process, has not been explained in literature. 
These studies are included in an extensive experimental work accomplished to obtain an 
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optimised and reproducible process, required to move further and begin to investigate 
potential uses of the nanotubes. The objectives of this project can be highlighted by the 
following points: 
i.	 optimisation of the anodic process both using an aqueous and an organic 
electrolyte. This has included an extensive characterisation of the anodic layers 
prepared, using electron microscopy techniques (SEM, TEM), current-voltage and 
current-time curves registered during the growth, XPS analysis of the chemical 
composition of the anodic film. 
ii.	 the optimisation of the process have been extremely useful to gain new insights on 
the growth mechanism and developing a realistic model based on experimental 
observations. 
iii.	 investigating the thermal stability of the tubes, morphological, structural (SEM, 
TEM, Raman spectroscopy) and compositional changes (XPS) promoted by heat 
treatments at different temperatures. 
iv.	 development of a Dye Sensitised Solar Cell (DSSC) using TiO2 and preliminary 
evaluation of its performance. 
The backbone of the work is represented by the development of a reproducible and 
optimised recipe for the growth of titania nanotubes. This stage has been investigated 
both using an aqueous and an organic electrolyte in order to create nanotubes having 
different lengths, tube diameters and wall thicknesses, and has required a 
characterisation of the morphology, structure and chemical composition of the tubes. In 
addition, one of the under studied areas of research on anodic TiO2 nanotubes was 
related to the growth mechanism leading to the generation of the tubes. This thesis 
therefore attempts to clarify this aspect and gain new insights on the growth mechanism, 
to find out how the tubes form. This has been achieved with a comprehensive analysis 
of the different stages of the process, including the early stages (when the anodic layer 
starts to form), mainly by using electron microscopy techniques. A third part of the 
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project has dealt with the study and evaluation of morphological and structural changes 
in the nanotubes following heat treatments at different temperatures. This has been 
necessary to establish the optimal conditions for their use in DSSCs, which due to time 
constrains has only been preliminary investigated. 
1.12 Structure of the thesis 
The thesis is structured in eight different chapters. Chapter 1 has presented a critical 
analysis of the state of the art on the growth of anodised TiO2 nanotubes in fluoride-
containing electrolytes and their uses in various applications. This subject has been in 
rapid and constant expansion over the last three years, again confirming the importance 
of researching into the development of nanostructured titanium dioxide. Controversies 
and less investigated aspects on research on anodised TiO2 nanotubes are highlighted to 
identify area of potential interested. Chapter 2 describes the experimental set up 
developed in this work to generate the nanotubes as well as detail of the experiments 
undertaken. An overview of the characterisation techniques, such as scanning and 
transmission electron microscopy, Raman and X-ray photoelectron spectroscopy, used 
to analyse the anodic films, is also given. Chapters 3-6 are the discussion and results 
part of the thesis. Results are presented in different chapters to simplify the 
understanding of the work and emphasise important aspects of particular experiments. 
Nevertheless, results are often related and whenever necessary, they have been 
combined to provide a more complete description of a particular aspect of the research. 
Chapter 3 reports on the optimisation of the growth of anodic nanotubes in a water 
based electrolyte, an aqueous solution containing sodium fluoride (NaF) and sodium 
sulphate (Na2SO4). Emphasis has been given to the novel use of an initial voltage ramp 
during the anodisation and an understanding of its effect on the growth of the anodic 
layer. Useful information on how the anodic layer develops at the early stages has been 
obtained by Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM). The chapter also contains results on the chemical composition of 
the nanotubes, realised by X-ray Photoelectron Spectroscopy (XPS). Additional work 
have been performed using an organic electrolyte (glycerol), also containing sodium 
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fluoride to generate porosity in the anodic film and details are discussed in Chapter 4, 
along with SEM and XPS analysis for the evaluation of the thickness, morphology and 
chemical composition of the anodic layer. Chapter 5 is dedicated to the study of the 
effect of post heat treatments, particularly annealing on the morphology (by SEM) and 
crystallinity (TEM, Raman spectroscopy) of the nanotubes. XPS analysis again helped 
to identify compositional change following the thermal treatments. A clear example of 
the interconnection of different parts of this thesis is given in Chapter 6, which 
describes a new growth model mechanism behind the growth of the nanotubes, 
originating from information collected during the experiments performed and described 
in Chapters 3-5. One of the topics to be investigated within this PhD project, from an 
application perspective, was the use of anodic TiO2 nanotubes in Dye Sensitised Solar 
Cells. Unfortunately the optimisation of the anodisation process to manufacture the 
nanotubes and characterise them have occupied most of the time available and less time 
have been devoted to their use in DSSCs. Nevertheless, preliminary results along with a 
general overview of the DSSC (how they work and why TiO2 nanotubes represents an 
interesting alternative in photovoltaic), are presented in Chapter 7. This chapter can be 
seen as the beginning of future work on the applications of such nanoarrays, to be 
accomplished within future research projects. The thesis concludes with Chapter 8, 
which summarises the main conclusions and targets achieved within this PhD project 
and provides general considerations on how to improve some aspects of the research on 
anodised TiO2 nanotubes. Some future work topics are also suggested, as the growth of 
nanostructured titanium dioxide and its characterisation plays an important in today’s 
materials research and is surely worthy of further investigations. Since the preparation 
of anodic TiO2 nanotubes have been hugely improved over the last three years, it would 
be interesting to move completely on the study of their applications, as there are 
currently not many investigations on their potential uses. 
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CHAPTER 2 
MATERIALS AND METHODS 
2.1 Aims of the chapter 
This chapter provides a description of the experimental set up and conditions used for 
the anodisation of titanium to optimise the growth of the nanotubes in an aqueous and in 
an organic electrolyte. Details regarding the post-treatment of anodised specimens, 
particularly annealing, are also discussed. An additional section of the chapter discusses 
and introduces the various experimental techniques used to characterise the nanotubes 
grown. This includes electron microscopy to determine the morphology and the crystal 
structure of as-prepared and anodised films, Raman spectroscopy also useful for 
identifying the crystallinity and X-ray photoelectron spectroscopy for obtaining the 
chemical composition of the anodic layer. The experimental part on the preparation of a 
dye-sensitised solar cell using anodised TiO2 nanotubes is discussed in Chapter 7. 
2.2 Anodising unit 
The anodisation of titanium to generate nanostructured titanium oxide has been 
achieved using the experimental rig described schematically in Fig. 2.1. The system 
developed includes an electrochemical cell, a power supply capable of operation as a 
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voltage source/current measuring device and vice-versa, and a personal computer (PC) 
allowing control of the power supply and collection of data (i.e. current-time and 
current-voltage curves) during the electrochemical tests. 
Figure 2.1 Diagram illustrating the components of the anodising unit. The system 
includes a two electrodes cell and a power supply, remotely controlled by a PC. 
2.2.1 Electrochemical cell 
The cell was designed to be made in Teflon since the presence of fluoride ions in the 
electrolytic solution, although in a relatively low concentration (0.1-1wt.%), could 
cause partial dissolution of glass components (especially at lower pH), introducing 
contamination in the solution. As shown in Fig. 2.2a, the cell includes a beaker, a 
sample holder, a lid preventing electrolyte leakage/contamination, which supports the 
sample holder, and a platinum mesh as a counter electrode (also fixed to the lid). The 
system can be mechanically or magnetically stirred, either to prevent local heating of 
the electrolyte or to facilitate ions diffusion (especially in viscous media). At the anode, 
a titanium sample having an area of approximately 0.8cm2 was left exposed to the 
electrolyte, as highlighted in Fig. 2.2b. 
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Figure 2.2 Components of the electrochemical cell (a) and front view of the 
anode/sample holder highlighting the exposure of a 0.8cm2 of Ti to the electrolyte (b). 
2.2.2 Power supply interfaced with a PC 
Fig. 2.3 shows the power supply (Keithley model 236) used for the electrochemical 
growth, as well as the computer with which it is possible to remotely control the power 
unit. The Keithley 236 is a source-measure device capable of working in two different 
modalities: 
-as a voltage source (up to 110V) while measuring current (potentiostatic) 
-as a current source (up to 100mA) while measuring voltage (galvanostatic) 
Growth parameters are set by using an anodising controller interface written in 
LabView, developed in collaboration with the Department of Electrical Engineering of 
the University of Bath. This program enables the anodisation of the titanium anode 
under either potentiostatic or galvanostatic regimes, as well as by applying incremental 
steps or ramping the voltage/current at a selected rate to the desired value. 
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Figure 2.3 Power supply unit used for the anodic growth of titanium dioxide. The unit 
is remotely controlled by a computer using a LabView based program. 
2.3 Anodisation of titanium in fluoride-based electrolytes 
The substrate used for most of the experiments was a commercially pure (99.6%) 
titanium sheet (0.5mm thick). High purity titanium sheets (99.99+) 1mm thick have also 
been used. Substrates were mechanically polished using silicon carbide (SiC), diamond 
paste (3m) and a silica suspension (0.02-0.05m) to minimise roughness and produce 
a mirror like surface (alternatively simple grinding with SiC was also used). Before 
anodising, the specimen was mounted in the sample holder and ultrasonically cleaned in 
an isopropyl alcohol bath for 5-10 minutes. The optimisation of the anodising process 
has involved the use of a variety of experimental conditions, which are summarised in 
Table 2.1 and presented in the next two sections. 
2.3.1 Anodisation in a water-based electrolyte: NaF/Na2SO4 
A first set of experiments to generate titania nanotubes was performed in an aqueous 
solution containing small amount of a fluoride salt [1]. The electrolyte used was a 1M 
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aqueous solution of sodium sulphate (Na2SO4) containing a concentration of sodium 
fluoride (NaF) within the range 0.1-1wt.%. The sulphate is added as a supporting 
electrolyte to ensure a high ionic conductivity in the solution. Anodisation was 
performed at room temperature (20°C). By dissolving approximately 1g of NaF in 
200ml of deionised water (which had pH 5.5 at room temperature) a pH of 
approximately 7 was established in the electrolyte solution. In some of the experiments, 
the pH was also lowered to a minimum of 2 by adding several drops of concentrated 
sulphuric acid to the electrolyte, as it was previously reported that an acidic 
environment was optimal for the growth of the tubes [2]. The voltage was either applied 
constant (potentiostatic) from the beginning of the process or alternatively ramped at a 
specified rate (volts per second) to a final anodisation voltage before being held 
constant (voltage ramp modality). Typical voltage ramp rates employed were 100, 500 
and 1000mV/sec, while the final anodising value was set constant at 20V. To evaluate 
changes in the film thickness, anodising time was varied from a minimum of 30 minutes 
to a maximum of 20h. In addition, specimens anodised for a reduced time (30s, 200s, 
10min) were also prepared to study and characterise the evolution of the film at the 
early stages of the process, in an attempt to clarify the growth mechanism. 
2.3.2 Anodisation in an organic based electrolyte: NaF/Glycerol 
Additional experiments involved the use of an organic based electrolyte [3], specifically 
98% glycerol, also containing 0.5wt.% of sodium fluoride. This study aimed to generate 
thicker layers of anodised nanotubes, since the oxidation process in water-based media, 
(Chapter 3) is limited by the high dissolution rate of the forming oxide, and rapid 
etching by fluoride ions to form hexafluorotitanate complexes stable in an aqueous 
environment. In addition, as the use of an organic electrolyte, has not been extensively 
studied, it was of interest to evaluate the voltage range within which it is possible to 
grow anodic TiO2 nanotubes. The water content in the electrolyte is reduced to 
approximately 2wt.% and in order to completely dissolve the NaF in the glycerol, the 
solution has to be vigorously mixed before anodising. The 98% glycerol solution (~2% 
of water) containing 0.5wt.% of NaF, has a viscosity of ~0.5 Pa  s at 20°C (measured 
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by a stress viscometry test using a Bholin CS spinning disc rheometer). The applied 
anodisation voltage varied from a minimum of 10V to a maximum of 60V with or 
without ramping the voltage at a 100mV/s to its final anodising value. Due to the higher 
viscosity of the organic electrolyte, the anodising process in organic media is slower 
than in water. To evaluate changes in the film thickness, the anodisation time was 
varied from a minimum of 4h to a maximum of 100h. Anodisation was performed at a 
room temperature (20°C). 
Supporting NaF Voltage Applied Time pH 
electrolyte (wt.%) ramp voltage 
Water 1M Na2SO4 0.1-1 (wt.%) 20­ 20-25V 0.5-24h 2-7 
1000mV/s 
98% none 0.5 (wt.%) 100mV/s 10-60V 4-100h ~6.8 
Glycerol 
Table 2.1 Summary of the conditions employed for optimising the anodising process in 
an aqueous and in an organic electrolyte. 
2.3.3 Post-treatment: annealing of the nanotubes 
To investigate the effect of heat treatment temperature on as-formed anodised titania 
films, in terms of morphology (thermal stability) and crystal structure, a series of heat 
treatments (in air) were performed on a set of samples anodised in both water based and 
organic electrolytes. The temperature was set from 20°C to its final value (200, 300, 
400, 500, 550, or 600°C) with a heating rate of 4°C/minutes, and then held constant for 
3h (dwell time) at the heat treatment temperature using a programmable Lenton 
Furnace, model 2416. 
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2.4 Characterisation of anodised specimens 
Information on the morphology of as-prepared and annealed films was primarily 
obtained by using scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). The chemical composition of the anodic layer was characterised by 
electron dispersion spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). 
The presence of crystalline phases was determined by Raman spectroscopy, and high 
resolution TEM (HRTEM). The following sections provide an overview of these 
techniques. 
2.4.1 Electron microscopy techniques 
Transmission and scanning electron microscopy have been used extensively in this 
project to characterise anodic titanium dioxide specimens. They represent undoubtedly 
the most valuable techniques for obtaining information on the morphology of the anodic 
layer. In particular, SEM allows calculation of the length and diameter of the tubes, 
whereas TEM has been extremely important for the characterisation of the early stages 
(such as 30s, 200s and 10min) of the anodising process, when the anodic layer was 
difficult to characterise by SEM. This was due to the fact the anodic layer was 
extremely thin (few nanometers) and SEM could only view the upper surface features of 
the developing oxide. In addition TEM has been useful to identify the presence of 
crystals in the anodic film, although as discussed in Chapter 5, it has not always been 
possible to identify the type of crystal formed (i.e. anatase or rutile) by calculating the d 
spacings between different planes from TEM images. The main principles of electron 
microscopy are discussed here, while a more exhaustive overview can be found in 
literature [4-6]. Electrons represent a feasible option to extend the resolution achievable 
compared to an optical microscope (~1µm), the limit of which is dictated by the 
wavelength of visible light. An electron beam of fixed energy exhibits wave-like 
properties and by using operating voltages between 100 and 400kV it is possible to 
achieve a consistent resolution of the order of typical interatomic spacings in crystalline 
solids (0.15-0.5nm). This requirement is indeed addressed by commercially available 
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transmission electron microscopes. In contrast, scanning electron microscopes are 
normally designed to operate within the range 1-30kV (a compromise between the need 
for a fine electron beam to focus to a fine probe and the need to limit the scattering of 
the beam in the sample which increases with accelerating voltage) allowing a maximum 
resolution in the order of approximately 2nm. In SEM and TEM instruments, an 
electron gun (source), either thermionic (tungsten or LaB6 cathode filaments) or field 
emission, generates a high-energy electron beam. A high voltage is then used to 
accelerate the beam through a series of electrostatic and electromagnetic lenses which 
focuses it before reaching the specimen to be analysed. Finally, the interaction signal 
“electron beam-sample” is collected to provide insight into the morphology and 
structure of the material investigated. The system needs to operate under vacuum (10-6­
10-10 torr), to avoid scattering of the electrons by residual gas, stabilise the electron gun 
and to minimise beam-induced contamination of the sample. However, the modalities of 
operation in TEM and SEM are rather different. For instance, while in the TEM the 
primary image is focused by the objective lens and then enlarged by another set of 
imaging lenses, in the SEM the image is developed point by point by scanning a 
focused electron probe across the specimen and collecting the signal generated from the 
interactions. 
2.4.2 Transmission electron microscope (TEM) 
A schematic diagram of a transmission electron microscope is depicted in Fig. 2.4. The 
electron source generates an electron beam which is accelerated at a high voltage (100­
400kV). Electrons are then focused onto the specimen by an electromagnetic condenser 
lens system (by controlling the lens current rather than its position). The specimen stage 
allows the sample to be moved along the x, y, and z directions as well as to be tilted. 
Again, focus of the image is not achieved by altering the specimen-objective lens 
distance (i.e. changing z), but rather by adjusting the current of the lens to produce a 
first focused image from the transmitted electrons. The specimen thickness is 
commonly limited to 250-500nm, to allow transmission of the electrons. For this reason, 
the preparation of a sample for TEM analysis can be rather long and time consuming. 
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The final imaging system also relays on a series of electromagnetic lenses, with the final 
image visualised on a fluorescent screen. 
Figure 2.4 A schematic view of the fundamental components of a TEM instrument. 
The contrast observed in TEM is dominated by elastic interaction between the electron 
beam and the specimen and arise from different phenomena. Mass-thickness contrast 
predominates in non-crystalline materials where elastic scattering is random and solely 
due to variations in thickness and atomic density. In a crystalline sample, electrons are 
scattered according to Bragg’s law, which means at certain critical angles the electron 
beam is diffracted from the axis of the incoming beam, while at other angles the beam is 
largely transmitted. By placing an aperture beneath the specimen, it is possible to allow 
either the directly transmitted beam or the diffracted beam to reach the imaging system, 
creating, respectively, a bright-field or dark-field image. This is defined as diffraction 
contrast (dominated by elastic interactions electron beam-specimen) and it is 
particularly sensitive to extended crystal lattice defects, the intensity of the scattering 
being different around the lattice defects. In high resolution TEM, it is also possible to 
use a larger aperture to allow several diffracted beams (and eventually the transmitted 
beam) to reach the imaging system. The result is an image that reflects the periodicity of 
the crystal in the plane perpendicular to the incident beam. In this case, the contrast is 
defined as phase contrast being generated by interference due to differences in the path 
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length of the diffracted and transmitted beams (i.e. differences in phase of the coherent 
electron waves scattered through a thin specimen). 
2.4.3 Preparation of TEM specimens from anodised TiO2 
Two different TEM instruments have been used to characterise the samples. Standard 
morphological investigations have been possible using a JEOL JEM1200 machine, 
which is equipped with a tungsten filament and operates within a voltage range 40­
120kV. High resolution images and characterisation of the early stages of the process 
have been performed (operating at 200kV) in collaboration with the National Metal and 
Materials Technology Center (MTEC) in Thailand, using a JEOL JEM2010 equipped 
with a LaB6 electron and capable of operating at a voltage of 80-200kV. The ability to 
remove the anodic layer from the metallic substrate following mechanical cracking of 
the specimen facilitated the preparation of the TEM samples. Thin sections of material 
were detached from the anodic film and directly mounted in a double layer 200mesh 
copper grid. Usually the sections mounted were thin enough to allow good transmission 
of the electron beams; whenever a further thinning of the specimen was required, it has 
been addressed by using a focused ion beam thinning unit (Precise Ion Polishing 
System, PIPS Model 691 USA), available at MTEC. Conditions applied for the thinning 
procedure are reported in Table 2.2. 
Ion Beam Ion Gun Potential Time 
Angle (degrees) (keV) (min.) 
4 4 4 
3 4 6 
3 3 18 
3 2.5 8 
Table 2.2 Conditions employed during the focused ion beam thinning process, required 
for the thinning of some of the samples analysed by TEM. 
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2.4.4 Scanning electron microscope (SEM) 
In SEM, unlike the situation observed in TEM, it is inelastic scattering which provides 
information on the specimen to be analysed (i.e. inelastic scattering is dominant, 
reducing the energy of the electron beam in the range 10-30kV). When the primary 
electron beam interacts with the sample, the electrons lose energy by scattering and 
absorption processes occur within a defined specimen volume (interaction volume), 
which extends from less than 100nm to around 5µm into the surface, depending on the 
electron beam energy, the atomic number and density of the specimen. Different types 
of signal can be collected from inelastic interactions. Most commonly, SEMs are 
equipped with different detectors for collecting secondary electrons (information on the 
topography of the surface), backscattered electrons (composition of the surface) and X-
rays (elementar analysis of the sample). A schematic view of an SEM instrument is 
depicted in Fig. 2.5. Again, a high-energy electron beam is generated from the electron 
gun, accelerated at (10-30kV) and finely focused by a system of condenser lenses and a 
probe lens, onto the specimen to be analysed. 
Figure 2.5 Schematic representation of an SEM instrument. A focused electron beam 
scans the surface of the specimen and the signal generated from their interaction 
collected and amplified to show the final image on a screen. 
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The electromagnetic probe lens in the SEM fulfils a similar function to the objective 
lens in the TEM (its dimension determining the resolution of the microscope), but being 
placed above the specimen, it does not participate in the collection of the signal from the 
sample. As the beam is scanned over the sample by the action of scanning coils which 
deflect the beam horizontally and vertically (in the x and y directions), signals provided 
by secondary and backscattered electrons are collected. This information is amplified 
and projected as an image onto a screen. 
Secondary electron image (SEI) 
The secondary electron image represents the most frequently used mode in SEM. 
Secondary electrons are low energy electrons (typically 10-50eV) which are emitted 
from the excited surface (less than 10 nm) of the samples and are therefore appropriate 
to provide topographic details of the surface. The amount of secondary electrons 
generated depends on the specimen tilt angle and it is greater at a greater angle. A 
detector kept at a “post acceleration voltage” (10kV) accomplishes their collection. The 
image is typical of a shadowless illumination, being formed by the collection of 
electrons emitted in all directions. Also, the high depth of field achievable by SEM 
allows one to obtain three-dimensional perspectives of the analysed specimen. The 
highest resolution in SEM instrument (1-2nm) is achieved under optimal conditions 
(working distance, accelerating voltage) working on SEI modality. 
Back-scattered electron image (BEI) 
Back-scattered electrons are high-energy electrons (lower, but of the same order of 
magnitude as those of the incident beam), emitted because of the collision of the 
incident beam with an atom in the specimen (i.e. the incident electron is scattered 
backward at 180 degrees). The interaction volume within which electrons are 
backscattered is of the order of 1-2µm. The contrast of the image depends on the 
composition and the average atomic numbers of elements in the specimen (with higher 
atomic numbers elements generating brighter images). Resolution is in the order of 10­
20nm, lower than SEI, but useful information on the distribution of phases in the sample 
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can be obtained. Only electrons emitted toward the detector are collected, giving to the 
BEI the contrast typical of a one side illuminated image. 
2.4.5 Preparation of SEM specimens of anodised TiO2 
Most of the SEM characterisation has been possible using the facilities at the University 
of Bath, particularly a JEOL JSM6480LV (low vacuum) SEM and a JEOL JSM6310, 
the latter also equipped with an Energy Dispersive X-ray Spectroscopy (EDS) detector 
for elementar analysis. Measurements have been performed using a voltage within the 
range 10-30kV, operating with a working distance in the range 8-10mm for top-view 
imaging and 15-18mm for cross-sectional-view (tilted samples). At a higher voltage the 
spherical aberration is reduced allowing higher resolution, however the interaction 
volume is also extended at a higher voltages and more interactions can also result in a 
loss of resolution; therefore, a compromise had to be achieved. When a specimen is 
non-conductive a negative charge from the electron beam tends to accumulate on the 
surface of the specimen, drastically affecting the final image of the sample. For this 
reason, anodised TiO2 nanotubes analysed with the instruments mentioned above, were 
coated with a thin layer (few nm) of gold, using an Ion Sputtering Device (Edwards 
Sputter Coater S150B), to eliminate electrostatic charging of the samples. However 
higher resolution images of the anodic film have also been obtained without coating of 
the samples (operating at a voltage <10kV) in collaboration with the International Laser 
Center (Faculty of Electrical Engineering and Information Technology STU) of 
Bratislava, using a Field Emission SEM (FE SEM LEO 1550) equipped with an in-lens 
secondary electron detector. 
2.4.6 Raman Spectroscopy 
The Raman effect (discovered in 1928) is related to a change of frequency observed 
when light is scattered by molecules or crystals [7-9]. Raman scattered light carries 
information about the chemical and physical state of a material and it is therefore of 
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interest in many scientific disciplines. Assuming irradiation takes place by 
monochromatic light of frequency (  0 ) onto a particular substance, part of the light will 
be scattered by molecules in directions different from that of the incident beam. Most of 
the scattered light maintains the same frequency (  0 ) of the incident radiation as a 
consequence of an elastic scattering (Rayleigh scattering). However, a very small 
portion of the incident light (1 in 106 photons) is scattered at frequencies different from 
the frequency of the incident photons. This inelastic scattering is defined as Raman 
scattering. As shown in Fig. 2.6, inelastic collisions with photons of energy ( h 0 ) may 
cause molecules to undergo a transition to a higher energy level which means the 
photon loses energy and it is emitted at a lower frequency (these shifts are referred as 
Stokes lines). Vice-versa, if the molecule is already in a higher energy state, the 
interaction with the photon can provoke a transition to a lower level, therefore the 
photon will acquire the excess of energy and will be emitted at a higher frequency (anti-
Stoke lines). 
Figure 2.6 Graphic representation of elastic scattering (Rayleigh) and Raman inelastic 
scattering (Stokes and anti-Stokes shifts). 
Raman frequency shifts are determined by energy changes involved in transitions of the 
scattering species and are therefore characteristic of it. In particular, Raman shifts 
correspond to vibrational and rotational transitions of the scattering molecule and lie in 
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the infrared spectra region although electronic transitions have also been studied in the 
UV. The Raman effect differs from infra-red (IR) spectroscopy, the two methods being 
complementary in character. Raman spectroscopy is a technique for material 
identification and can be successfully applied to solids, liquids and gases. For liquids 
and gases, it is correct to refer to vibrational energy levels of the individual molecules in 
gases while in solids, especially crystals, it is the crystal lattice, which undergoes 
vibration. These macroscopic vibrational modes are called phonons. It is possible to 
distinguish between different phases of the same material, as their crystal lattices 
present different vibrations modes. 
Selection rules 
For a simplified classical electromagnetic field description of the Raman effect, it is 
possible to consider the dipole moment ( P ) induced in a molecule by an external 
electric field ( E ). Indeed, the dipole moment is proportional to the applied field, as 
shown in (Eqn. 2.1), and the proportionality constant is defined as the polarisability ( ) 
of the molecule: 
P    E (Equation 2.1) 
Polarisability is a measure of the ease with which distortion of the electronic cloud 
around a molecule occurs. The Raman effect is observed when a molecular vibration 
induced by the external source changes the polarisation of the molecules. Therefore 
defining ( Q ) as the normal vibration coordinate, a vibrational transition will be active 
in Raman if there is a change in the polarisation with respect to the normal coordinate 
during the vibration (Eqn. 2.2): 
  0 (Equation 2.2)
dQ 
The degree of the polarisation change determines the intensity of the scattering, whereas 
the Raman shift depends on the vibrational levels involved. 
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Laser Raman Spectroscopy 
A typical Raman spectroscope consists of an excitation source, a sample illumination 
and light collection optical system, filters and a detector, as shown schematically in Fig. 
2.7. A laser is normally used as source of monochromatic light to be directed on the 
specimen. High photon fluxes are achieved by focussing (with an optical microscope) 
the light-spot, several microns in diameter, onto the specimen. A chosen excitation line 
can be used providing it is not adsorbed by the specimen. Scattered light is collected 
with a lens and filtered to eliminate the elastic Rayleigh scattering. The remaining signal 
is directed to a monochromator grating, and detected by a charged couple device 
(CCD). The data are then displayed on a computer. 
Figure 2.7 Schematic diagram of a Raman spectrometer. 
2.4.7 Raman characterisation of anodised specimens 
Raman analysis on the as-prepared and annealed specimens was undertaken using a 
Renishaw RM2000 Laser Raman Spectroscopy instrument at the Interface Analysis 
Centre of Bristol University. A helium-neon (He-Ne) laser (632.8nm) was used as a 
source of a monochromatic light, calibrated to the silicon (Si) peak at 520cm-1. The 
machine is fitted with an optical microscope, which allows the operator to use a laser 
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spot less than 2µm in diameter. Analyses were performed within the range 300-700cm-1, 
which allows discrimination between anatase and rutile, both of which were expected to 
be found in annealed samples. Data were processed using a freeware spectroscopy 
software Spekwin 32 programme. 
2.4.8 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for 
Chemical Analysis (ESCA), is a widely used technique for the structural study of solid 
surfaces allowing determination of the elementar composition of a material (there are 
also XPS instruments capable of analysing both liquids and solids) [10-11]. The 
theoretical foundation of XPS is based on the equation proposed by Einstein (Eqn. 2.3) 
in 1905 to explain the photoelectric effect: 
h  Eb  Ekin (Equation 2.3) 
where h is the quantum energy, Eb the binding energy of the electron in matter (i.e. 
energy required to remove an electron) and Ekin the kinetic energy of the ejected 
electron. XPS can be described as a technique for the measurement of the kinetic energy 
of the inner or valence electron ejected by an incident X-ray photon of known energy 
( h ). Knowing these values it is possible to calculate the binding energy ( Eb ), which 
is characteristic of the chemical bonds in a compound. Electron binding energies are 
also affected by the chemical environment of the ion, making XPS useful to identify not 
only the ion, but also its oxidation state. As shown in Fig. 2.8, when considering the 
kinetic energy of an ejected electron the combined spectrometer/sample work function 
(sp ) should be taken into account. This working function is an instrument dependent 
factor (normally derived as part of a calibration procedure) and defines the minimum 
amount of energy needed to move an electron from the Fermi energy level (at which 
Ekin =0) into vacuum. Therefore, (Eqn. 2.3) can be rewritten as (Eqn. 2.4), which 
defines the kinetic energy measured by the analyser: 
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Ekin  h  Eb sp (Equation 2.4) 
The escape depth of ejected electrons is < 5-10nm and XPS can be considered as a 
surface analysis technique, although depth profiling analysis (measure of the elemental 
composition as a function of depth) of a material is also feasible by ion beam etching, or 
by tilting the specimen (angle resolved XPS). 
Figure 2.8 The kinetic energy of the core electron ejected following interaction with an 
X-ray beam depends on the energy of the X-ray beam, the binding energy of the 
electron and the work function of the specimen/spectrometer employed. 
A schematic of an XPS instrument is depicted in Fig. 2.9. The main components are the 
high vacuum pumping system, the ionisation chamber, the X-ray source (ionising 
radiation), the electron focusing lens, the electron energy analyser, the electron detector 
and finally the data acquisition system. XPS requires an ultra-high vacuum (UHV) 
chamber (stainless steel) at 10-6-10-10 torr, achieved using a series of different pumps, 
(turbomolecular, cryogenic, ion) to prevent contaminations/interactions with residual 
gases which would drastically reduce the “free path” of the electrons. Conventional X-
ray tubes serve as X-ray sources, with an anode normally made of aluminium (Al) or 
magnesium (Mg), having K emission energies of 1486.6eV and 1253.6eV, 
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respectively. A substance can then be analysed providing it is stable in vacuum and does 
not disintegrate under X-ray exposition. The electrons emitted following interaction 
with the X-ray beam are then focused by a system of lens to reach the electron energy 
analyser, which allows measurement of the energy of the photoelectrons. A potential 
difference is established (and changed) between two electrodes so that only electrons 
having a certain kinetic energy will reach the detector (electron multiplier). The data 
acquisition system allows the operator to observe the XPS spectrum on a screen. 
Figure 2.9 Schematic of an XPS instrument. The X-ray radiation interacts with the 
sample and emitted electrons are focused onto the analyser which measures their kinetic 
energies and indirectly their binding energies. 
2.4.9 XPS characterisation of anodised specimens 
XPS analysis was carried out using the Kratos Axis Ultra-DLD system available at 
Cardiff University. The instrument has both a monochromated X-ray source (Al) and a 
dual Al-Mg anode and the spectrometer is equipped with a delay-line detector (DLD), 
which replaces the need for the use of 8 channeltrons (i.e. electron multipliers), as on 
earlier instruments. The Kratos XPS has a fast chamber for loading the samples (it can 
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be vacuumed down at typically 10-8-5x10-9 torr by means of a turbopump), a 
preparation chamber (turbopump, 10-9 torr) and the analysis chamber (turbo + ion 
pump, 5x10-10 torr). Conditions adopted during XPS measurements are summarised in 
Table 2.3, while details on the anodised samples characterised are given in Table 2.4. 
Using the monochromated Al source the surface composition of as-prepared and 
annealed specimens (fixed on a holder using a conductive carbon tape to minimise 
positive charging) were studied. 
Anode Passing Scanned Etching conditions 
filament energy (analysed) area 
Surface 10keV, 40-160eV 300x700m2 -
analysis 10mA, 100W 
Depth 10keV, 40eV A spot of Ar at 4keV (15mA); 
profiling 10mA, 100W 110m in raster 1.5mm; 4 etching 
diameter cycles (45s per cycle) 
Table 2.3 Conditions used for surface and depth profiling XPS analysis of anodised 
TiO2 films. 
Aqueous electrolyte (NaF/Na2SO4) Organic electrolyte (Glycerol) 
20V, 10min., no voltage ramp 20V, 15min., after voltage ramp 
(100mV/s) 
20V, 10min., after a voltage ramp 20V, 60min., after voltage ramp 
(100mV/s) (100mV/s) 
20V, 10min., after a voltage ramp -
(100mV/s), annealed at 300°C 
20V, 10min., after a voltage ramp -
(100mV/s), annealed at 400°C 
20V, 10min., after a voltage ramp -
(100mV/s), annealed at 550°C 
Table 2.4 A summary of the different specimens prepared for XPS analysis. 
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Depth profiling analysis has also been performed using an Ar+ ion sputtering gun 
operating at 4keV and 15mA, to evaluate changes in water content and impurities, 
through the thickness of the anodic layer. Because of the Ar beam and the particles 
removed by etching, the pressure registered in the analysis chamber during depth 
profiling measurements was 3 108 torr. Data analysis and processing was undertaken 
using the Computer Aided Software Analysis for X-ray Photoelectron spectroscopy 
(CASA XPS) available at Cardiff University. 
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CHAPTER 3 
THE GROWTH OF ANODISED TiO2 NANOTUBES IN A 

Na2SO4/NaF WATER-BASED ELECTROLYTE
 
3.1 Aims of the chapter 
The first part of the experimental work has been dedicated to the optimisation of the 
anodisation process used for growing titania nanotubes (NTs) in a water-based 
electrolyte. In particular, one of the targets was to develop a reproducible process for 
creating TiO2 nanoarrays having a thickness within 1-5µm. The impact of the applied 
voltage on the final structure, particularly its effect on the tube diameter [1], is widely 
reported in the literature and it is not considered further. Another reported aspect at the 
start of the research, was the use of fluorine salts [2,3] rather than hydrofluoric acid, to 
minimise dissolution of titania and allow growth of thicker nanotube films. This has 
represented the starting point of this research into the anodisation of titanium in a 
fluoride containing water-based electrolyte. The first part of Chapter 3 discusses 
anodisation under potentiostatic conditions and has been useful to identify the fluoride 
concentration range within which it is possible to grow the nanotubes. The second part 
reports the use and the impact of a voltage ramp on the titania film growth, and the 
possibility of extending the nanotube thickness achievable. The use of a voltage ramp 
has been exploited to generate conical-shaped tubes [4] and thicker anodic films [5]. 
However, the reason why it extends the growth of the nanotubes is not clear. An answer 
to this question is suggested here, based on new SEM and TEM evidence, as part of an 
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extensive investigation of the different stages of the process (i.e. development of the 
anodic layer at different times), to be completed in Chapter 6, which presents the 
growth model mechanism. The influence of the voltage ramp on the anodic growth of 
the nanotubes has also been evaluated by monitoring current-voltage and current-time 
curves. The final part of Chapter 3 is dedicated to XPS measurements, performed on 
as-prepared film grown in water, to determine the chemical composition of the anodic 
layer and the presence of contaminants from the electrolyte and external sources. 
3.2 	 The use of a NaF/Na2SO4 aqueous electrolyte: potentiostatic 
condition 
The electrolyte used is a 1M solution of sodium sulphate (Na2SO4, supporting 
electrolyte) containing a small amount, 0.1-1%wt., of sodium fluoride (NaF). An excess 
of a supporting electrolyte (which by definition does not have to interfere with the 
electrochemical process) is commonly used in electrochemistry. This is to ensure that 
migration, which maintains the charge balance in the solution, does not contribute 
significantly to the transport of the electro-active species, which occurs instead by 
diffusion. Due to its higher concentration and ionic strength, the supporting electrolyte 
also enhances the conductivity of the solution. Table 3.1 summarises the different 
conditions tested during the experiments and the type of structure obtained for a specific 
set of anodising parameters. While keeping the supporting electrolyte concentration 
(1M Na2SO4) and the applied voltage (20V) constant, the fluoride concentration was 
varied systematically to identify the minimum addition required for the growth of the 
tubes. As discussed in Chapter 1, it is important to minimise the dissolution of the 
oxide for maximising its growth; however a minimum fluoride content is required to 
ensure the development of the tubular structure. It is therefore crucial to establish the 
best compromise between the need to maximise the growth of the oxide and the need to 
actively maintain the formation and interconnection of cavities in the structure. The 
dissolution of Ti and TiO2 in fluoride containing media is affected by the acidity of the 
solution and is maximised at lower pH values, where the etching is more aggressive. 
The use of fluoride salts [2,3] to prepare electrolytes having a neutral pH, has been 
50
 
Chapter 3 The growth of anodised TiO2 NTs in a Na2SO4/NaF water-based electrolyte 
proposed as an alternative to hydrofluoric acid, which was commonly used to synthesise 
the “first generation” of nanotubes, characterised by a thickness ≤ 0.5µm [6,7]. 
Na2SO4 NaF Time (h) Applied Type of Thickness 
[M] (wt.%) voltage (V) structure (µm) 
1M 0.1 up to 24h 20 Pores 2 
1M 0.3-1 0.5-24h 20 NTs 0.8 
Table 3.1 Potentiostatic conditions investigated for the growth of TiO2 nanotubes 
(NTs). Targets were the identification of the minimum fluoride concentration required 
to grow the tubes and the time needed to achieve maximum thickness of the oxide layer. 
3.2.1 The effect of the fluoride concentration on the morphology of the film 
Based on Table 3.1, it has been observed that a fluoride concentration of 0.1wt.% was 
insufficient to promote generation of nanotubes. Dissolution of the oxide in such a 
solution does not generate a sufficient amount of cavities required for development of 
the nanotubular arrays. Due to the presence of fluoride ions, the resulting structure is 
porous and, within the film, there are channels where current can flow before the 
oxidation stops, once the layer has reached a thickness of approximately 2µm. At a 
higher magnification, Fig. 3.1a, the presence of pores is clear, although the top surface 
is almost entirely covered by precipitates and detritus, which SEM-EDS combined 
analysis has shown to contain Ti and O species. It is likely to be a layer of freshly 
formed titanium dioxide, which, due to the lower fluoride concentration, has not been 
etched. Nanotubes can be obtained by using fluoride concentrations within the range 
0.3-1wt.%. However, films prepared using 0.3wt.% NaF, have a higher amount of 
precipitates and detritus covering the top (mouth) of the tubes, Fig. 3.1b, than those 
obtained with 0.5wt.% (or higher), Fig. 3.1c. Generally, this unwanted layer is 
minimised by extending the anodising time up to few hours (2-3h), but it tends to 
remain wherever the concentration of fluoride ions in the electrolyte is less than 
0.5wt.%. 
51
 
Chapter 3 The growth of anodised TiO2 NTs in a Na2SO4/NaF water-based electrolyte 
52
 
Chapter 3 The growth of anodised TiO2 NTs in a Na2SO4/NaF water-based electrolyte 
Figure 3.1 The effect of fluoride concentration on the morphology of the anodic film. 
F-At a concentration of 0.1wt% the resulting structure is porous (a) and almost 
completely covered by a precipitate (inset). Nanotubes can be formed at a concentration 
as low as 0.3%wt.% (b), but the structure is still significantly covered by detritus 
containing Ti and O. Best results are obtained at a F- concentration of 0.5wt.% (c). 
Increasing the fluoride concentration from 0.3 to 0.5wt.%, does not significantly affect 
the length of the nanotubes, which is within 0.6-0.8µm in both cases, as shown in Fig. 
3.2a, 3.2b and 3.2c respectively. This represented the maximum thickness achievable 
under potentiostatic conditions, and an extension of the anodising time up to 20h does 
not lead to any improvements in tube thickness. A constant thickness with anodisation 
time is a result a balance between titania growth (Eqn 1.1) and dissolution (Eqn. 1.2). 
Therefore, since the tubes obtained at 0.5-1wt.% fluoride concentration were better 
defined (a more homogeneous structure and minimum amount of precipitates on the 
upper surface), an aqueous solution containing 0.5wt.% NaF supported by Na2SO4 
(1M), was chosen as the standard electrolyte for the remaining experiments. This 
represented the best compromise between the need to dissolve the oxide film to generate 
the tubes and the need to preserve the oxide, which otherwise would have become too 
thin. 
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Figure 3.2 Cross sectional view of TiO2 nanotubes grown using a fluoride 
concentration of 0.3wt.% (a) and 0.5wt.% (b) and (c). In both cases, the maximum film 
thickness achievable is within the range 0.6-0.8µm. 
3.2.2 High resolution imaging of the anodic film 
As can be seen in Fig. 3.2a-c, the SEM JEOL JSM6480LV at the University of Bath 
was at the limit of its resolution. Further examination of the anodic nanotubes, prepared 
using a fluoride concentration of 0.5wt.%, at a higher resolutions has been possible due 
to a collaboration with the International Laser Center (Faculty of Electrical Engineering 
and Information Technology STU) of Bratislava, using a Field Emission SEM (FE­
SEM). From high resolution images, Fig. 3.3a and 3.3b, it can be seen the tubes are 
formed from an interconnected network of oxide rings, and the presence of these rings 
is more evident when looking at the cross sectional view of the film, Fig. 3.3c and 3.3d. 
These features will be further discussed in Chapter 6, as they provide useful 
information which helps to understand the growth mechanism behind the generation of 
anodised titania nanotubes. 
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Figure 3.3 FE-SEM images of the anodic TiO2 showing the tubes are the result of the 
connections of ring-shaped oxide arrays (a,b), which are particularly visible on the wall 
of the tubes when looking at a the cross sectional view (c,d). All these samples have 
been obtained in 1M Na2SO4 aqueous containing 0.5wt.% of NaF. 
3.2.3 Current-transient at 20V 
The current-transient of the anodisation process registered under potentiostatic 
conditions, Fig. 3.4 (stages I, II, III), is similar to the situation observed during the 
growth of anodised porous alumina [8]. At first (stage I), the current quickly decreases 
to a minimum value due to the formation of a high resistance dense barrier layer, an 
oxide based complex, which grows up to 50nm thick at 20-25V [10]. In order to 
maintain the oxidation process active, ions (O2-, OH-, Ti4+, F-) are required to move 
through this higher resistance barrier layer. The current subsequently rises to a 
maximum (stage II) during the pore nucleation phase as a result of the development of 
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cavities and interconnected channels (due to the presence of fluoride ions) which allow 
optimisation of the passage of ions through the oxide. Finally the current becomes 
constant (stage III) indicating equilibrium between oxide dissolution and anodic growth. 
Although ionic migration through the porous layer is higher than in the underlying 
barrier layer, electrochemical oxidation at the oxide/electrolyte interface will also 
decrease as the length of the nanotubes increases. Near equilibrium, the ratio between 
electrochemical oxidation and chemical dissolution changes very slowly until the 
oxidation decreases to equal the dissolution rate at the mouth of each nanotube 
(oxide/electrolyte interface). It is worth noting that when using a water based 
electrolyte, all the different stages (I, II and III) observed in Fig. 3.4, occur within the 
first few seconds of the process and equilibrium is rapidly achieved. This rapid 
attainment of equilibrium is considered to be the reason why the maximum thickness of 
the tubular layer is limited to 0.8µm. 
Figure 3.4 Current-time transient registered for a sample anodised at 20V, under 
potentiostatic conditions. 
A scheme illustrating the migration of Ti4+ ions from the anode through the oxide, and 
of O2-, OH- and F- species toward the anode is shown in Fig. 3.5a. It is generally 
assumed the oxide grows at both the metal/oxide and the oxide/electrolyte interfaces [9] 
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as the ions are mobile under the action of the electric field. As a result of the presence of 
fluoride ions there will be dissolution at the oxide/electrolyte interface and this in turn 
reduces the thickness of the barrier layer (d), Fig. 3.5b, which is a key parameter to 
control in order to maximise the growth. Once the barrier layer has reached its 
maximum thickness, further oxidation depends on the dissolution process. When the 
barrier layer at the bottom of the tubes thickens, the system reaches a point where the 
ionic movement through the oxide, crucial to maintaining the growth process active, 
cannot be properly sustained by the applied electric field ( E  U / d ). Oxidation is 
still possible only because of the dissolution of the oxide at the mouth of the tubes. As a 
result the length of the tubes is no longer time dependent. Similar concepts are also 
discussed in the literature [11,12]. 
Figure 3.5 Ionic movements of F-, OH-, and O2- species toward the anode and of Ti4+ 
toward the electrolyte (a). The oxidation rate is limited by the thickness of the barrier 
layer (d) at the metal/oxide interface and is kept active by the dissolution process 
occurring at the oxide/electrolyte interface (b). 
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3.3 Effect of a voltage ramp on the growth of titania nanotubes in a 
NaF/Na2SO4 water-based electrolyte 
The schematic in Fig. 3.5 suggests that by controlling or retarding the growth the 
maximum barrier layer thickness (d), for example by promoting the formation of 
cavities, it should be possible to increase the thickness of the anodic layer. The use of an 
initial voltage ramp, rather than an instantaneous step change to the final anodising 
voltage has therefore been investigated as a way to produce thicker layers. This 
approach has been also reported by Schmuki and co-workers [5]. They concluded an 
initial sweep ramp (V/s) rather than a straightforward constant voltage leads to thicker 
layers because the ramp sets up a pH gradient between the bottom (lower pH) and the 
top (higher pH) of the anodic layer, therefore maximising dissolution at the tube bottom 
and minimising it at the oxide/electrolyte interface. However, re-examination of the 
higher magnification details previously shown in Fig. 3.3a-b, indicates a network of 
interconnected particles (rather than a tubular structure) and it is difficult to imagine a 
pH gradient developing between the top and the bottom of the structure. Electron 
microscopy provides unique information about the development and evolution of the 
anodic film with time. An extensive TEM and SEM analysis is presented in the 
following sections in an attempt to clarify the factors controlling film growth and why, 
when using a voltage ramp, the oxidation process remains active for longer, leading to 
thicker nanotubes layers. 
3.3.1 	 TEM investigation of the early stages of the growth and the 
development of the film during the voltage ramp 
The decision to characterise the early stages of the growth process (30s, 200s and 
10min.) predominantly by TEM was made since SEM can only view the upper surface 
features of the developing oxide and TEM can give higher resolution and diffraction 
information. 
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a) Structure at 30s 
A TEM image of a sample anodised for 30s with a sweep rate of 100mV/s (i.e. the 
experiment was stopped at 3V) is shown in Fig. 3.6. There is a barrier type (pore free) 
layer (at the bottom of the image), which can either represent the thermally oxidised 
layer naturally formed on the metal once exposed to air or simply a portion of the oxide 
anodically formed at the metal/oxide interface, which has yet to be etched by fluoride 
ions. It is also clear that cavities have already formed and created a porous network 
above the barrier layer. Since the specimen is anodised for 30s, it is reasonable to 
assume that the development of cavities is coincident with the formation of the oxide. 
Figure 3.6 TEM image of a specimen anodised for 30s. Considering the voltage ramp 
(100mV/s), the experiment was stopped at 3V. Pores and cavities have already formed. 
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b) Structure at 200s 
Fig. 3.7a, 3.7b, and 3.7c, offer further information on the anodic oxide, once the voltage 
ramp is terminated at 20 V (200s at 100mV/s). The film consists of an arrangement of 
dense arms around a central low-density cavity or remnant pore, the specimen being just 
transparent to the electron beam. At the edge of the specimen where the film has 
fractured, the morphology of the arms of the structure is more apparent and they can be 
seen to form a three dimensional (3D) network surrounding the cavities. The 
micrograph, Fig. 3.7a shows a fine grained structure made up of two regions, the first 
being the fine grained interface layer and the second the anodised oxide on which has 
developed the network of arms of the 3D mesh. It is clear in Fig. 3.7b and 3.7c that the 
network formation at this stage is dependent on the formation of holes or cavities, which 
vary in shape and to a degree, in size (Fig. 3.7b). Indeed within one of the cavities 
several smaller cavities can be seen which stabilises the structure (Fig. 3.7b). It is also 
apparent that many of the cavities have linked up and that a passage exists through the 
anodised TiO2 film, which will allow the movement of Ti
4+ ions between the anode 
surface and the electrolyte, and therefore controlled growth of the film. Fig. 3.7d shows 
distinct regions of amorphous material together with very small (~8-10nm) regions of 
crystalline material, evident from the lattice imaging. The d spacing visible in the 
micrograph of Fig. 3.7d has been estimated (with the use of a magnifying lens and also 
calculated using the software Image J) to be comprised between 1.86 and 1.89Å, which 
would possibly correspond to the 1.892Å typical of the (200) plane of anatase. Such a 
method for attributing the d spacing of a crystal in TEM micrographs is not ideal, as it is 
not extremely accurate. However, the attribution of the spacing to the (200) plane of 
anatase can be done with a certain degree of confidence as there are no other planes 
with similar spaces in rutile and brookite is unlikely to be present at all (as discussed in 
Chapter 5, which is dedicated to heat treatment of the specimens). Oxide growth [13] 
has been reported to proceed via titanium hydroxyl intermediates that are later 
dehydrated to the oxides. The anodised layer, seen in Fig. 3.8a consists of the remnant 
skeleton; possibly that of a hydroxide gel which initially forms and subsequently 
dehydrates. The series of channels grow via the linking of pores, which leads to the 
development of the arrays of nanotubes on the surface of the titanium electrode. 
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Figure 3.7 TEM micrographs of the layer adjacent to the thermally oxidised film (a), 
higher magnification images showing the 3D network of anodised TiO2 making up the 
structure (b-c), and lattice image showing the amorphous nature of the anodic layer, but 
also the presence of very small region of crystalline material (d). This sample was 
anodised for 200s, the experiment stopped at the end of the sweep rate of 100mV/s 
(20V). 
The structure at first sight appears to be amorphous and will appear so under XRD 
examination as a consequence of the small crystallite size. Close inspection at very high 
TEM magnifications, Fig. 3.8b, gives some indication of occasional crystallinity in that 
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there are small islands of crystalline phase ~1-2nm diameter within the arms of the 
structure. Such a structure could indicate that the oxide/gel is on the point of 
crystallisation and the nuclei present have been formed by the random differences in 
concentration, temperature or anode interface morphology. The presence of very fine 
crystals is also indicated by the continuous rings, Fig. 3.8c. The presence of larger 
crystals with additional small ones could be responsible for the generation of the 
elongated spots. Zhao and coworkers [14] revealed that nanotubes were partially 
crystalline at 20V/30min and that the crystallisation was thought to be related to 
dielectric breakdown. Clearly, crystalline regions are present at very early stages of 
growth (200s). 
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Figure 3.8 TEM micrographs of a sample anodised for 200s showing a low 
magnification image of the forming porous layer (a), a high magnification of the same 
area suggesting the presence of small islands of crystalline phase (b), confirmed by the 
diffraction pattern (c). 
c) Structure at 10minutes 
After a somewhat longer anodising treatment (10min.), a thicker layer of the porous 
TiO2 phase is formed which was still transparent to the electron beam, Fig. 3.9a. This 
allowed the electron diffraction pattern Fig. 3.9b to be taken which clearly shows this 
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outer film is amorphous with no sign of crystallinity. The structure of the amorphous 
film is at this stage developing into a partially ordered arrangement of connected 
cavities having a rough interior surface. 
Figure 3.9 TEM images of a specimen anodised for 10min. The oxide consists of a 
porous network in which the cavities appear random (a). The diffraction pattern (b) 
suggests the anodic outer layer is amorphous. 
3.3.2 Thickness of the anodic layer: the influence of the voltage ramp 
Table 3.2 summarises the experiments performed to investigate the effect of a voltage 
ramp on the growth of the anodic film while keeping the electrolyte (0.5wt.% NaF, 1M 
Na2SO4 aqueous solution, electrolyte pH ~7) constant. The rate of the voltage ramp was 
varied from a minimum of 20 to a maximum of 1000mV/s, before setting the anodising 
voltage at its final constant value (20V) for the rest of the experiment, 5-20h. The final 
thickness of the anodic film depends on the sweep rate employed. If the sweep rate is 
too low (20-50mV/s), the maximum attainable thickness is approximately 1μm, Fig. 
3.10a, whereas using a more rapid voltage ramp in the range 100-1000mV/s allows 
growth of the nanotubes up to 1.5-2μm in thickness, Fig. 3.10b. Without the aid of an 
initial ramp (i.e. instantaneous step to the final anodising voltage), the thickness of the 
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nanotubes was instead limited to 0.6-0.8μm (Fig. 3.2a-c and Table 3.2). The sweep rate 
does not affect the diameter of the tubes, which is approximately 100nm, very similar to 
the values obtained under potentiostatic condition at 20V with no ramp. 
Sweep rate Final Anodising NTs 
(mV/s) Voltage (V) Time (h) Thickness (μm) 
No sweep 20V 5-20h 0.6-0.8 μm 
20-50mV/s 20V 5-20h 1μm 
100-1000mV/s 20V 5-20h 1.6μm 
Table 3.2 Different conditions tested when analysing the effect of the voltage ramp on 
the final thickness. Results on the right column show it is possible to generate thicker 
tubes, precisely up to 1.6μm. 
On the basis of TEM observations, in particular those of the first few seconds of the 
anodisation process (Fig. 3.6, Fig. 3.7 and Fig. 3.8) the positive effect of the voltage 
ramp on the final thickness of the layer can be explained in term of an instantaneous 
nucleation of cavities in the anodic layer. As previously discussed, to maximise the 
growth of the anodic layer (i.e. maintain the oxidation process active despite the 
electrical resistance offered by the growing insulating oxide), it is crucial to retard the 
development of the barrier layer (d) (see schematic in Fig. 3.5) at the bottom of the 
nanotubes. This helps to create channel where current (ions) can flow and postpone the 
development of the barrier layer (d) at the metal/oxide interface. In fact, the migration 
of ions, which is driven by the applied electric field, decreases as the barrier layer 
thickens. Furthermore, differences in nanotubes thickness observed varying the rate of 
the voltage ramp, can possibly be explained by taking into account the diffusion layer, 
generated in the solution during the anodisation. In electrochemistry, the diffusion layer 
of the electrolyte is defined by the region (starting from the electrode) within which 
there is a concentration gradient due to ions being consumed by the different processes. 
Considering the anodisation of titanium in a water based fluoride containing media, the 
development of cavities in the anodic layer implies the consumption of fluoride ions. 
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The diffusion layer is therefore defined by the distance between the surface of the 
electrode, and the bulk of the solution where fluoride concentration is constant. Three 
different situations can be identified within the experiments undertaken: anodisation 
under potentiostatic condition (no voltage ramp, instantaneous voltage), high sweep rate 
(100-1000mV/s) applied at the beginning of the anodisation and low sweep rate (20­
50mV/s). 
Instantaneous voltage (potentiostatic, 20V) 
For an instantaneous voltage, the situation can be explained by the current transient 
discussed in Section 3.2.3 and shown in Fig. 3.4. It emerged that the barrier layer at the 
metal/metal oxide interface develops within the first few seconds of the anodisation. 
This can be regarded as the factor limiting the final thickness of the nanotubes to 0.8μm. 
High sweep rate (100-1000mV/s) 
By using a sufficiently high sweep rate the diffusion layer developing in the electrolyte 
is thin. The formation of a 1.5-2μm thick array of nanotubes is the consequence of the 
prompt formation of channels and cavities (where ions can flow) in the anodic layer. 
Results observed at 100, 500 and 1000mV/s are rather similar. However partial collapse 
of the film was observed when using sweep rate within the range 500-1000mV/s. It is 
reported in literature [13] that the amount of water and hydroxylated species embedded 
(contained) in the anodic film increases with the sweep rate, but it is not clear if this is 
linked with the collapse of the structure at higher sweep voltages. Further details on the 
effect of the voltage ramp on the anodisation process are provided by the polarisation 
curve and the current transient which are now discussed in Section 3.3.3. 
Slow sweep rate (20-50mV/s) 
When applying a very low sweep rate, the diffusion layer generated in the solution is 
larger than at a higher sweep rate. This can lead to a depletion of ions near the electrode, 
especially of fluoride ions (which are in a relatively low concentration with respect to 
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OH- and O2-). Such depletion has a negative impact on the anodisation process. In fact 
fluoride ions have to be readily available to develop a well-connected porous network, 
where ions and current can flow and postpone the growth of the barrier layer (d) at the 
metal/oxide interface. However the initial ramp still provides a slower oxidation rate at 
the beginning of the process (compared to a potentiostatic regime) and increases the 
thickness of the nanotubes from 0.8μm (with no ramp) to 1μm. 
Aspect ratio of the nanotubes 
An important parameter to be defined for nanoparticulated materials is the aspect ratio 
(Eqn. 3.1), which is calculated from the ratio between the longest and the shortest 
dimension of the nanoparticle. The importance of the aspect ratio is due to the fact that 
it provides an indication of the surface area of the material. For TiO2 nanotubes, it is 
given by the ratio between the length (L) and the inner diameter (D) of the tubes: 
L
Aspect Ratio  (Equation 3.1)
D 
The inner diameter (D) has been estimated from SEM images (typically as an average of 
30-50 nanotubes) to be 73 ± 8nm at 20V and it is not affected by the use (and the rate) 
of an initial voltage ramp, being determined only by the applied voltage. Under 
potentiostatic conditions the maximum length achievable for the nanotubes was 0.8µm, 
while using a voltage ramp it is possible to produce nanotubes 1.6µm. Therefore the 
aspect ratio for tubes obtained without a voltage ramp is 11, while the use of a ramp 
allows to extend the thickness of the anodic layer and the resulting aspect ratio is 22. 
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Figure 3.10 Cross sectional view of SEM images of anodised titania nanotubes prepared in 
1M Na2SO4, 0.5%wt. NaF, by sweeping the voltage from the open circuit potential to 
20V at a rate of 20mV/s (a) and 100mV/s (b), before holding the voltage constant at 
20V for 5h. Thicknesses of the layers were respectively ~1µm when working at 20mV/s 
and ~1.5-2µm at 100mV/s. 
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3.3.3 Polarisation curve and current transient registered when applying an 
initial voltage ramp 
It is possible to explain the resulting polarisation curves during the voltage ramp stage 
and the current transient registered once the voltage has reached its final value (20V), 
on the basis of the information provided by SEM and TEM in the previous section. Fig. 
3.11a shows the polarisation curves registered when the voltage is ramped from 0 to 
20V using sweep rates between 100 and 1000mV/sec. After an initial increase, the 
current becomes approximately constant. Due to the growth of the oxide the resistance 
increases; however, the voltage is also increasing and counterbalances the resistance, 
enhancing migration of ions through the film. In addition, the nucleation and 
development of pores, previously observed at this stage from TEM analysis (Fig. 3.6 
and Fig. 3.7), contributes to optimise the current flow within the anodic layer. In 
summary, the resistance increases, but at the same time new paths for the ionic flow are 
created and the current remain approximately constant. Once the voltage ramp is 
complete, the current transient at 20V, Fig. 3.11b, is similar to that observed at 
potentiostatic condition (Fig. 3.4, no ramp). In all the curves the current falls to a 
minimum, at which point the barrier layer at the metal/metal oxide interface (M/MO) 
reaches its maximum thickness. At this point, the increasing resistance of the growing 
oxide is not counterbalanced by the voltage, which is already at its maximum value 
(20V). However, formation of cavities continues and the current increases to a 
maximum suggesting the link up between the pores developed in the freshly formed 
oxide and cavities previously formed at the ramp stage. The interlinking between 
adjacent pores and channels becomes the dominant process, at stage II. Finally, the 
current stabilises at a constant value, and equilibrium between oxide generation and 
dissolution will be achieved. It is interesting to note how the three different stages are 
considerably more discrete and well defined than in the previous case (i.e. no ramp). 
Current passing through this porous network of channels contributes to postponing the 
point at which electrochemical etching balances the chemical dissolution (stage III). It is 
also interesting to note, Fig. 3.11b, that at higher sweep rates (i.e. 100mV vs 1000mV), 
equilibrium is postponed to longer times. This could be related to the fact at a higher 
sweep rate, a thinner diffusion layer is formed, as previously discussed. A thinner 
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diffusion layer would ensure a prompt etching of the oxide by fluoride ions at the 
electrode. The oxide layer produced with sweep rates of 500 and 1000mV/s may have 
been thicker than that produced at 100mV/s, as partial collapse of the film suggests. 
Figure 3.11 Polarisation curves registered at different sweep rates, 100, 500 and 
1000mV/s (a) and current transient at 20V, after the initial voltage ramp was finished 
(b). 
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3.4 	 XPS analysis of as-prepared TiO2 tubes grown in aqueous 
Na2SO4/NaF 
The chemical composition of as prepared films grown in aqueous Na2SO4/NaF media 
has been studied by X-ray photo-electron spectroscopy. Both surface and depth 
profiling analysis have been performed in the attempt to find out more about possible 
change of composition along the thickness of the titania film. As mentioned in Chapter 
2, XPS data have been edited using CasaXPS software accounting the different relative 
sensitivity factors (RSF) of the various signals for a given photon energy, as well as 
instrumental transmission correction and escape depth variations as a function of kinetic 
energy. For semi-quantitative analysis, spectra background (arising from energy loss 
processing occurring as the photoelectrons are ejected from the specimen) has been 
subtracted using a Shirley type algorithm. Overlapping peaks (oxygen peak, O1s) have 
been resolved in their components by a curve fitting procedure using 
Gaussian/Lorentzian product functions to delineate the line shape of the different 
contributions. The choice of a Shirley algorithm was driven by the fact they are 
specifically thought to allow the use of a symmetric model to determine the intensity of 
different components of a peak. Identical considerations apply for all the other XPS 
measurements, which will be discussed in Chapters 4 and 5. The work published by 
Carley and colleagues [15] provides a general overview on the resolution of overlapping 
XPS peaks and approaches available. 
3.4.1 Surface analysis 
A typical XPS spectrum registered (at a passing energy of 160eV) for an as-prepared 
anodic layer grown in NaF/Na2SO4 aqueous solution at 20V for 10min. is shown in Fig. 
3.12. An initial voltage ramp of 100mV/s was applied to set the voltage at its final 
anodising value of 20V, as these were identified as the final standard conditions that 
lead to the better results in terms of film thicknesses. However, identical results were 
obtained also when applying a straight forward voltage without the use of any voltage 
ramp, and the discussion is therefore limited to the latter case. The anodic film consists 
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of titanium (Ti 2p), oxygen (O 1s), carbon (C 1s), fluoride (F 1s) and has also a small 
content of nitrogen (N 1s). Occasionally, very small quantities (1at.%) of silica 
(contamination from mechanical polishing) and sulphur (from the electrolyte) are 
detected. The N 1s at 400eV is due to a small amount of contaminants from the distilled 
water used for the experiments (also sodium sulphate contained some nitrogen) and 
possibly to adsorption of nitrogen from the atmosphere. 
F 1s 
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O 1s 
Ti 2p 
N 1s 
C 1s 
As-prepared TiO2 in 
aqueous NaF/Na2SO4 
Figure 3.12 XPS spectra of an as-prepared anodised TiO2 film grown in an aqueous 
media. The oxide layer contains a certain degree of impurities, particularly fluoride 
ions, as expected, plus nitrogen and carbon which are probably related to 
contamination/adsorption occurring after the electrochemical process. 
The significant and unexpected content of carbon (C 1s at 285eV) has been associated 
with the post cleaning process in isopropyl alcohol (which had the purpose to remove 
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any post-anodising contaminations), forming a polymer-like layer by bonding to the 
oxide. Fluoride contamination from the electrolyte is also presented on the surface of 
the sample, at an atomic concentration of approximately 3.8at.%. 
A more accurate scanning (at a passing energy of 40eV) focused on the different regions 
of interest and provides further details about the anodic structure. Indeed the formation 
of titanium dioxide is confirmed by the peaks at 459.1eV and 464.8eV, respectively due 
to Ti 2p (3/2) and Ti 2p (1/2), Fig. 3.13, as well as the O 1s peak at 530.4eV, Fig. 3.14, 
which are characteristic of Ti and O in TiO2 [16,17]. Furthermore, from Fig. 3.13, it is 
possible to identify a shoulder in the Ti 2p(3/2) peak at 459.1eV. This slightly 
pronounced asymmetry is due to the presence of hexafluorotitanate complex TiF6
2 . 
The binding energy of the electrons involved in TiF6
2 is higher than in TiO2, because of 
the remarkable electro-negativity of fluorine. 
-
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Figure 3.13 Ti 2p XPS signal from the sample reveals values which are typical of 
titanium dioxide. The signal is split in two peaks because of spin-orbit coupling, as the p 
orbitals have non-zero angular momentum. A small shoulder in the peak reveals the 
presence of TiF6
2 species. 
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Figure 3.14 The O1 s signal at 530.4eV typical of oxygen in TiO2. The peak also 
contains two additional components in addition to the oxide, which can be identified as 
the hydration of the oxide and an organic contamination due to the ultrasonic cleaning 
in isopropanol. 
However the titanium to oxygen ratio (Ti:O) ratio which emerges from the general 
results in Fig. 3.12 is not 1:2 as expected for TiO2, but approximately 1:3. The O 1s 
signal is the result of three different contributions which are specified in Fig. 3.14 as the 
oxygen due to the titanium oxide (530.4eV), a certain degree of hydration in the oxide, 
due to signal typical of a hydroxylic (OH) group (and probably some organic 
contaminants) at 531.4eV [13], and a final component, which we identify as of organic 
nature at 533.1eV. The latter has indeed to be related with the anomalous carbon content 
in the film and could be the result of the oxygen from isopropanol bond with the outer 
oxide layer. Although it is difficult to derive a precise quantitative conclusions from 
overlapping signals, from a curve fitting analysis of the O 1s signal (i.e. total oxygen in 
the film) it is possible to estimate the weight of any single contribution. The O 1s peak 
is approximately the result of a 50% contribution from oxygen in the oxide ( O ),OXIDE
while the remnant parts are due to oxygen from water/hydrated species and from 
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organic origin and are named respectively, as ( O ) and ( O ), as it is notOH / ORGANIC ORGANIC
possible to separate clearly between the organic contribution in the two of them. By 
accounting the O  plus O area and neglecting the O  component theOXIDE OH / ORGANIC ORGANIC
ratio Ti:O goes down to approximately 1:2.4, which is still an overestimation (due to 
overlapping), but provides a more realistic composition of the film. The high Ti:O ratio 
suggests that the oxide film is not purely TiO2, but it is hydrated when working in water 
based media. Further confirmation of the hydration can be provided by depth profiling, 
as shown in the next paragraph. 
A more detailed scan on the fluoride peak region (F 1s), Fig 3.15, allows identifications 
of the signal at 684.9eV due to the presence of hexafluorotitanate complex TiF6
2 [18] 
combined with sodium (Na) from the electrolyte, which forms during the anodisation, 
rather than “free” fluoride ions, which would give a signal at a slightly lower energy 
(683-684eV) [19]. This indicates that fluoride ions from the electrolyte rapidly dissolve 
the oxide as they are incorporated in the film as hexafluorititanate species only. 
-F 1s  684.9eV (TiF6 
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Figure 3.15 XPS spectrum showing the presence of fluoride ions, particularly 
hexafluorotitanate complexes, forming when fluoride ions in the electrolyte etch the 
oxide growing at the anode. 
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3.4.2 Depth profiling analysis 
To examine if the contamination from carbon and O is limited to the surface of ORGANIC
the anodised sample and can be regarded as a post-anodisation contamination, depth 
profiling analysis has also been performed. This involves etching away a few atomic 
layers of the sample using a beam of Ar ions. The F 1s and O 1s signals registered at 
various etching time are shown in Fig. 3.16. By comparing the signals at etching times 
0s (i.e. before etching) and 45s (after the etching has started), it can be seen both oxygen 
and fluoride intensities increase after the removal of the carbon from the surface by Ar 
ion beaming. After the initial increase, signal intensities subsequentially remain 
constant throughout the film after the removal of other several atomic layers (etching 
time 45-180s). It can be deduced that the presence of carbon is limited to the surface 
and fluoride contamination from the electrolyte remains constant along the thickness of 
the layer, as expected, considering the film is porous and highly interconnected. 
A closer examination of the O1s peak after the last etching cycle (180s), Fig. 3.17 
reveals the removal of the organic shoulder (i.e. removal of the carbon layer and 
therefore organic oxygen) from the surface and the corresponding rise in intensity of the 
oxide peak. Again, an estimation is provided by peak fitting analysis: more than 60% of 
the total area of the peak can be attributed to oxygen from TiO2 ( O ), while it was OXIDE
approximately 50% before the etching (Fig. 3.14 and inset of Fig. 3.17). The peak that 
we attribute to the hydration of the oxide plus other organic contaminants has not 
changed very significantly after the etching. Assuming that most of the organic 
contamination was on the surface (deriving from post-treatment), this confirms the 
presence of hydration in the oxide ( TiO2  xH 2O ), at least in its outer layers. The inner 
layers nearby the metal/oxide interface, presumably de-hydrated, have not been 
investigated. Finally, it has not been possible to investigate the presence of lower Ti 
oxidation states (Ti3+, Ti2+, Ti0) below the surface of the anodic layer, which are often 
reported in the literature [13], particularly when close to the metal/oxide interface. This 
is of interest as it could influence some properties of the oxide, such as conductivity. 
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Figure 3.16 XPS depth profiling analysis of the fluoride and oxygen contents in an as-
prepared TiO2 film prepared in aqueous NaF/Na2SO4. Intensities of oxygen and fluoride 
increase after the removal of the organic contaminations from the surface of the film. 
The characterisation of the depth profile of titanium would have allowed to clarify 
whether the oxygen excess is also due to the presence of non-stoichiometric and/or 
lower oxidation states oxides. However the ion beam process damages the Ti and 
induces the production of Ti3+, Ti2+ signal from the beginning of the etching, making the 
depth profile analysis of titanium impossible. 
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Figure 3.17 Peak fitting analysis performed on the O1s peak after the last etching cycle 
(180s). The oxide represents approximately 60% of the total area. For comparison the 
situation observed before the etching (already shown in Fig. 3.14) is reported in the 
inset. 
3.5 Conclusions 
The scope of this work was to develop an optimised process for the growth of anodic 
titania nanotubes in a water based media, which is a fundamental step to accomplish 
before undergoing any investigations on the properties and applications of the tubes. 
Furthermore, this has led to an extensive characterisation of titania nanotubular films 
grown in different conditions and time allowing to obtain a better understanding of the 
anodising process. In summary, the results achieved within the studies presented in 
Chapter 3 can be listed as: 
i.	 Development of a reproducible anodising process for the synthesis of titania 
nanotubes in Na2SO4/NaF aqueous electrolyte, with best results obtained for a 
fluoride concentration in the order of 0.5wt.%. 
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ii.	 The maximum thickness of the film is approximately 0.8μm when working under 
potentiostatic conditions (20V) and can be extended up to 1.5-2μm with the use of 
an initial voltage ramp (100-1000mV/s) before setting the voltage at its constant 
final value (20V). 
iii.	 TEM and SEM evidence strongly suggest an initial voltage ramp, when compared 
to a potentiostatic growth where the remnant parameters (applied voltage, 
electrolyte type and concentration, anodising time) are the same, maximises the 
migration of ions through the anodic layer. This occurs because pores develop 
from the very beginning of the anodisation process, when the anodic layer is only 
few nm thick, optimising the passage of the current through the anodic layer. 
iv.	 Electron microscopy observations are also supported by current-transient curves 
registered during anodisation. When a voltage ramp is applied, equilibrium 
between oxidation and dissolution of the oxide is subsequently reached, allowing 
generation of a thicker nanotubes array. 
v.	 XPS analysis shows the film to consist mainly of oxide although a certain amount 
of fluoride contamination exists from the electrolyte. Organic components from 
post-anodising cleaning treatments are also present and can be removed by ion 
beaming etching, with depth profiling therefore showing the true composition of 
the film. XPS also confirms the anodic layer contains a certain degree of 
hydration, although difficult to quantify. 
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CHAPTER 4 
THE GROWTH OF ANODISED TiO2 NANOTUBES 

IN A NaF/GLYCEROL-BASED ELECTROLYTE
 
4.1 Aims of the chapter 
Chapter 4 reports on the use of an organic electrolyte, particularly glycerol. It 
completes the experimental work undertaken to optimise the anodic process, which was 
previously presented in Chapter 3 regarding anodisation in a water-based electrolyte. In 
this section the main goal was to achieve a film thickness greater than 1.5-2m, which 
represented the maximum value obtained in water. It is crucial to develop tubular layers 
several micrometers thick for maximising the surface area and the performance in 
applications in which TiO2 is of interest. The optimisation of the growth process has 
involved the study of the influence of different parameters on the final morphology. 
Particularly, the effect of the applied voltage and time on nanotube wall thickness and 
diameter has been investigated. Additional observations such as the presence of 
‘ripples’ along the tube walls, current-time transients and XPS analysis of the chemical 
composition of the anodic films are also presented. 
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4.2 The use of a NaF/Glycerol electrolyte: results 
As highlighted in the Chapter 3, the maximum nanotube length that could be obtained 
using a water-based electrolyte was limited to 1.6µm. This is thought to be due to the 
relatively aggressive nature of the water based electrolyte and the high dissolution rates. 
The use of an organic electrolyte, where the water content is drastically reduced, 
minimises the dissolution of the forming oxide and of the metallic substrate allowing 
the growth of thicker tubes [1]. For all the experiments the electrolyte consisted of a 
solution of 98% glycerol added with 0.5wt.% of NaF. Results are divided in different 
sections to highlight the influence of a specific parameters on the morphology and 
characteristic of the anodic layer. A summary of the main observations, such as tube 
lengths (L) and type of structure produced for a certain time and at a specific voltage is 
reported in Table 4.1. 
Anodising Time (h) 
Anodising Voltage 4h 24h 48h 100h Final Structure 
(V) 
10V 0.5μm 0.5μm 0.5μm - Nanotubes 
20V 1μm 1.5-2μm 4μm < 4μm Nanotubes 
30V 1.5μm 2-3μm 5.5μm < 5.5μm Nanotubes 
40V 1μm 2μm 4μm - Nanotubes 
60V 1μm 1μm 1μm - Random pores 
Table 4.1 Type (nanotubes or pores) and length (L) of anodic layers obtained at 
different voltages and anodising times in a NaF/glycerol solution 
4.2.1 The use of an initial voltage ramp 
For all the samples and data presented in Table 4.1, a ramp rate of 100mV/s was 
applied before holding the voltage constant at 10, 20, 30, 40 or 60V. In the absence of a 
voltage ramp, the films produced in the organic electrolyte were observed to detach 
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from the titanium electrode after anodising for 15-20h. From previous TEM 
observations in Chapter 3, the application of an initial voltage ramp has been shown to 
promote the development of a well-interconnected network of cavities from the early 
stages of the process. This is thought to help release stress at the metal/metal oxide 
(M/MO) interface and aid retention of the titania film on the titanium substrate. In 
addition, when applying an instantaneous voltage step (i.e. no ramp), the migration of 
Ti4+ ions from the metal to the oxide/electrolyte interface through the anodic layer is 
rapid since the electric field across the oxide (voltage/thickness) is relatively high 
during the early stages of anodisation. According to Schmuki and co-workers this 
generates vacancies and further stress into the structure [2]. 
4.2.2 Type of nanostructure as a function of the applied voltage 
Specimens were anodised for a different time within a voltage range 10-60V. It is 
observed that the applied voltage determines the type of anodic structure produced. 
Anodisation at 60V does not lead to a nanotubular morphology and the as-formed film, 
Fig. 4.1a, exhibited a sponge-like structure with the presence of randomly dispersed 
nanopores. Nanotube structures are instead formed when anodising within a voltage 
range of 10-40V (Table 4.1). As an example, a SEM image showing a nanotube array 
obtained at 20V can be seen in Fig. 4.1b. The mouth (upper part) of the tubes is covered 
by a dense barrier type layer (few nm thick) which contains oxygen and titanium, as 
Energy Dispersive Spectrometry (EDS) analysis shown in Fig. 4.2 reveals. It is likely 
that the top layer is made of freshly formed titanium dioxide, which has not undergone 
etching by the fluoride ions and therefore does not have pores. It was found that this 
obstructing barrier layer can be removed either by washing the specimen in a dilute 
solution of hydrofluoric acid (1vol.%), or by ultrasonic cleaning in isopropyl alcohol 
[3]. Cleaning in hydrofluoric acid, shown in Fig. 4.3a where it was applied on a film 
grown at 40V, cannot be undertaken for more than few seconds since it is rather 
aggressive and weakens the anodic film at the metal/metal oxide interface, facilitating 
its detachment from the substrate. 
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Figure 4.1 SEM images of anodic structures prepared in glycerol/NaF: porous layer at 
60V (a), and nanotubes obtained at 20V (b) with the mouth (top) of the tubes obstructed 
by the presence of a barrier type layer. 
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However the use of isopropyl alcohol leads to better cleaning without damaging the 
structure, as in Fig. 4.3b. The need to clear the upper mouth of the nanotubes from any 
precipitates or unwanted barrier layer detritus is of particular importance for 
characterisation and technological application of the nanotubes, for example in dye­
sensitised solar cell devices [4]. 
Figure 4.2 EDS spectra of the dense barrier layer covering the top of the tubes grown in 
NaF/Glycerol. The analysis reveals the presence of oxygen and titanium suggesting the 
layer is made of titanium dioxide which has not been etched by fluoride ions. 
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Figure 4.3 More SEM images of anodic structures prepared in glycerol/NaF showing 
the a top view of the film after the cleaning procedure in hydrofluoric acid (a) and 
isopropyl alcohol (b) to remove the obstructing layer covering the mouth of the tubes. 
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4.2.3 The effect of the applied voltage and time on nanotube length 
It also of interest to examine the influence of the applied voltage on the final thickness 
of the layer, since the primary aim in using the organic electrolyte is to reduce the 
dissolution rate and create longer nanotubes. When anodising at 10V, the oxidation 
process ceases at an early stage, resulting in a relatively short tubes, approximately 
0.5μm long. This implies that the length (L) of the nanotubes quickly becomes 
independent of time and remains approximately 0.4-0.5μm even by extending the 
anodising time up to 48h, Fig. 4.4a. However, 4μm and 5.5μm long tubes can be grown 
at 45-48h and by increasing the voltage up to 20V, Fig. 4.4b, and 30V, Fig. 4.4c 
respectively. It can be seen that the length begins to decrease when anodising at a 
voltage of 40V, Fig. 4.4d, with 4m layers obtained at 48h, similarly to the situation 
observed at 20V. The results are also summarised in Table 4.1. 
The contributions provided by the use of higher anodisation voltages can be separated in 
terms of field-assisted oxidation (Eqn. 4.1) and dissolution (Eqn. 4.2): 
Ti  2H O  TiO  2H (Equation 4.1)2 2 2 
4  2Ti  6F  TiF6 (Equation 4.2) 
In addition there is dissolution as a result of the presence of fluoride ions (Eqn. 4.3): 
  2TiO  6F  4H  TiF  2H O (Equation 4.3)2 6 2 
and this can be considered as chemical dissolution, although the electric field may still 
play a role by polarising and weakening the Ti-O bond in the oxide and thus facilitating 
its dissolution. Field-assisted oxidation is clearly greater at a higher voltage and allows 
to maintain the oxidation process active for a longer time. In fact, an increase in the 
field-assisted oxidation implies enhanced migration of ions such as Ti4+, O2- and OH-
through the anodic titania film. This helps to overcome the resistance developed by the 
barrier layer forming at the metal/oxide interface (i.e. at the base of the tubes and along 
the tube wall) allowing for the growth of thicker anodic films. 
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However at higher voltages the movement of fluoride ions toward the anode is also 
enhanced and, as a consequence, a field-assisted dissolution process has to be 
considered. This concept is further discussed in Chapter 6, with respect to the growth 
model mechanism. It appears as at 40V, the field-assisted dissolution (Eqn. 4.2) 
competes with the oxidation process (Eqn. 4.1) and, as a consequence, nanotubes grown 
at 40V are shorter than those prepared at 20 and 30V. It should also be noted from Fig. 
4.4a-d and from Table 4.2 that the maximum length is achieved by anodising for a 
period of 48h and the same trend is observed at 20 and 30V. Extending the anodisation 
time to 100h does not lead to longer nanotubes, but actually results in a decrease 
compared to the length achieved at 48h. One would expect a constant length after 
having achieved equilibrium between oxidation and dissolution. A decrease in tube 
length at extended anodisation times has also been observed by Paulose and co-workers 
[3]. SEM observations indicated that the decrease in film thickness for times in excess 
of 48h is due to regions of the anodic oxide detaching from the electrode, removing 
sections of the film formed during the first 48h of anodisation, as shown in Fig. 4.4e. 
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Figure 4.4 Maximum nanotube thicknesses achievable at different voltages: 0.5m at 
10V (a), 4m at 20V (b), 5.5m at 30V (c) and 4m at 40V (d). Optimal time for 
maximising the anodic growth in glycerol is approximately 48h. Further extension of 
the anodising time leads to a partial collapse of the tubular structure (e). 
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4.2.4. The effect of the applied voltage on the wall thickness and the diameter 
of the tubes 
The correlation between the tube diameter and the applied voltage has been previously 
reported for films grown in water-based media [5]. A similar correlation would also be 
expected in organic media and it is indeed observed. A schematic of the nanotubes is 
depicted in Fig. 4.5 to identify the dimensions which characterise them. The barrier 
layer (d ) at the bottom has already been defined and introduced in Chapter 3. Other 
features are the length (L) , wall thickness (W ) and inner diameter (D)  of the tubes. The 
width of a single nanotubes, which provides an estimation of the maximum dimension 
of the nanoparticles (oxide rings) in the anodic layer can be calculated by summing the 
inner diameter and twice the wall thickness, i.e. (2W+D). 
Figure 4.5 Schematic of TiO2 nanotubes showing different features of the anodic layer 
including the length (L), wall thickness (W) and inner diameter (D) of the tubes and 
thickness of the barrier layer (d). 
The internal diameter (D) and walls thickness (W) values have been measured from a 
combination of electromicroscopy images (typically as an average of 30-50 nanotubes). 
An example of SEM images used to calculate D and W at different voltages can be seen 
in Fig. 4.6a (10V), Fig. 4.6b (20V), Fig. 4.6c (30V), Fig. 4.6d (40V) and estimated 
values are summarised in Table 4.2. When anodising in a glycerol-based electrolyte the 
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diameter of the nanotubes formed is dependent on the applied voltage, with larger 
diameter tubes being obtained at the higher anodisation voltages. Table 4.2 clearly 
indicates that the anodisation voltage also affects the wall thickness; with thicker walls 
developed by increasing the voltage. The inner diameter (D) of the tubes is 19 ± 2nm at 
10V and increases to 34 ± 8nm at 20V, 63 ± 5nm at 30V and finally 75 ± 5nm at 40V. 
A similar trend is observed for the wall thickness (W), which goes from a minimum of 
11 ± 1nm at 10V up to a maximum value of 24 ± 2nm at 40V. 
Applied voltage Diameter Wall thickness Anodic growth factor 
(V) (D) (W) (D+2W)/2V 
10V 19 ± 2nm 11 ± 1nm 2.1 ± 0.1nm/V 
20V 34 ± 8nm 16 ± 3nm 1.7 ± 0.2nm/V 
30V 63 ± 5nm 19 ± 2nm 1.7 ± 0.1nm/V 
40V 75 ± 5nm 24 ± 2nm 1.5 ± 0.1nm/V 
Table 4.2 Inner diameter (D), wall thickness (W) of the tubes and corresponded anodic 
growth factor [(D+2W)/2V] calculated from electron microscopy for TiO2 grown in a 
NaF/glycerol electrolyte at different voltages. 
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Figure 4.6 SEM images of nanotubes prepared in glycerol/NaF applying different 
voltages: 10V (a), 20V (b), 30V (c) and 40V (d). Higher voltages lead to bigger tubes 
diameter. 
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Both the diameter and wall thickness increments are related to the field enhanced 
oxidation (Eqn. 4.1) and dissolution (Eqn. 4.2 and Eqn. 4.3) at a higher electric field. A 
higher voltage extends the migration distance of ions and maintains an active oxidation 
process through thicker layers, leading to thicker walls. For the same reason the 
developing oxide nanoparticles extend to a larger size and, once properly etched, 
produce channels of a larger diameter than those prepared at a lower voltage. It is 
possible to estimate the anodic growth factor, defined as the maximum oxide thickness 
produced per applied volt (nm/V) [6]. For a barrier (pore free) layer it is the ratio 
between the thickness of the layer (L) and the applied voltage (V). However in the case 
of TiO2 nanotubes, the oxide layer develops as a nanoparticles network. A way to 
calculate the anodic growth factor would be to consider the width of a single nanotube 
(i.e. nanoparticle or oxide ring) which, divided by half, provides an idea of the 
migration of ions (i.e. assuming migration starts at the centre of the nanoparticle) at a 
given voltage (V). Fig. 4.7a, 4.7b and 4.7c illustrate what happens when anodising 
titanium in a fluoride containing media. Considering the application of a specific 
voltage to the cell, ions will start to migrate. The degree of the migration is determined 
by the applied voltage which controls the movement of ions such as Ti4+, OH-, O2-, F- in 
the metallic substrate (and also in the forming oxide), as depicted in Fig. 4.7a. It is this 
movement of ions which determines the maximum oxidisable width and therefore 
defines the width of a single nanotube at a certain voltage. Therefore the anodic growth 
factor (Eqn. 4.4) is the ratio between the maximum oxidisable radius [(2W+D)/2] and 
the applied voltage which determines the migration of ions within the oxide: 
(D  2W )
Anodic Growth Factor  (Equation 4.4)
2V 
Due to of the presence of fluoride ions, cavities develop in the nanoparticles and lead to 
the final nanotubular morphology of the anodic layer, shown in Fig. 4.7b and 4.7c. The 
anodic growth factor is observed to decrease at a larger voltage being 2.1nm/V at 10V, 
1.7nm/V at 20-30V and 1.5nm/V at 40V, as reported in Table 4.2. The decrease in 
growth factor with increasing voltage can be explained by a greater voltage drop at a 
higher voltage since the experiments were performed in a two electrode cell (i.e. no 
reference electrode to compensate a voltage drop, which may be rather high in organic 
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electrolytes) or, again, by higher dissolution at a larger voltage. In other words, by 
doubling the voltage, tube dimensions such as D and W, which determine the maximum 
oxidised width (D+2W), are not necessary doubled. 
Figure 4.7 The anodic growth factor in NaF/Glycerol can be calculated by the ratio 
between the width of the nanotubes (2W+D), which defines the maximum oxidisable 
area (at a given voltage) and twice the applied voltage (a). Top (b) and cross sectional 
(c) views of the tubes, once they have form following dissolution by fluoride ions, are 
also represented. 
If the electrolyte and the fluoride concentration are assumed constant while varying the 
applied voltage, the resulting inner diameter D can be regarded as a measure of the 
dissolution of the growing oxide at a given voltage. On examining Table 4.2, it is 
interesting to observe that approximately half of the total oxidised width is dissolved at 
10V and 20V, i.e. the ratio between the inner diameter and the width of the particles 
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[D/(D+2W] is approximately 0.5. By increasing the voltage up to 30 and 40V the ratio 
[D/(D+2W)] increases to approximately 0.6 (i.e. the tubes are relatively thin in relation 
to their diameter). This would once again suggest there is effectively a field-enhanced 
dissolution effect (i.e. dissolution aided by the applied voltage and electric field) 
weakening the Ti-O bond at a higher electric field, which makes the forming oxide 
easier to be etched be dissolved. 
It was demonstrated in Chapter 3 for tubes grown in water based media that it is 
possible to calculate the aspect ratio of the nanotubes grown in NaF/Glycerol. The 
aspect ratio is obtained dividing the longest dimension of the tubes, the length (L) by 
the shortest one, the inner diameter (D). Values of thicknesses and diameters are listed 
in Table 4.1 and Table 4.2. At 10V the maximum aspect ratio achievable is 
approximately 26 (maximum length 1µm and diameter 19nm), while at 20V it increases 
to 118 as the maximum length achievable raises to 4µm while the diameter is 34nm. 
When anodising at 30V, best results are tubes 5.5µm long of a diameter of 63nm 
therefore the aspect ratio is 87. Finally at 40V, tubes are characterised by shorter length, 
4µm, and wider tubes, being the diameter 75nm, and the resulting aspect ratio is 53. 
Clearly the application of a precise anodisation voltage can be used to produce tubes 
with specific length, diameter or aspect ratio. 
4.3 The formation of ripples along the tubes wall 
It has been commonly reported [7,8] that one clear distinction between tubes grown in 
aqueous and organic electrolytes is that water based nanotubes exhibit ‘ripples’ along 
the nanotube walls, resulting in a non-homogeneous tube wall thickness. Organic 
electrolytes tend to form smooth tube walls with a constant tube wall thickness. Ripples 
along the wall of tubes grown in aqueous electrolytes have been associated with pH 
bursts, a local temporary acidification which occurs when the oxide forms and locally 
increases the oxide dissolution rate [1]. However from our observations in Chapter 3, 
we can conclude a pH gradient is unlikely to be produced considering the high degree of 
interconnection in the tubes, which appear as a pile of oxide rings rather than defined 
channels. It is also possible that oxygen evolution can explain this peculiar morphology 
98
 
Chapter 4 The growth of anodised TiO2 NTs in a NaF/Glycerol-based electrolyte 
and that rings are nanoparticles of oxide that form at different stages and link up 
together, to optimise the passage of current. However in our experiments performed in 
98% glycerol, ripples (oxide rings) are also observed, as can be clearly seen from SEM 
images in Fig. 4.8a (and inset) and Fig. 4.8b suggesting that the nanotubes in glycerol 
develop in a similar way to those produced in water based media. The reason why they 
are often smooth when formed in organic media may due to the fact that (almost) 
anhydrous electrolytes are used [1,3,7-12] and the only water to support the reaction is 
that adsorbed from atmospheric moisture. In this work the water content of the 
electrolyte was ~2wt.% and evolution of gas (electrolysis) at the anode was observed, 
particularly during the early stages of the anodisation process. Ripples may be the result 
of oxygen evolution due to electrolysis of water at the anode, which can only occur 
providing sufficient water is present in the electrolyte and the barrier layer oxide at the 
metal/oxide interface is relatively thin and allows electrons to pass through the oxide.  A 
recent work by Raya and co-workers [12] support these observations since they 
investigated the role of water in the anodisation process and concluded a minimum 
amount of water (0.18wt.%) is needed to promote oxidation and ensure nanotube 
growth. They also noted that when the water content exceeded 0.5 wt.%, the tubes 
exhibited ripples. Occasionally, the nanotubes grown in glycerol are observed to be 
completely or partially smooth, as in Fig. 4.9a and 4.9b. This intermediate situation is 
never observed in water-based electrolytes. Since the oxidation process is much slower 
in glycerol, the longer timescale may well enable relaxation of the nanostructure 
ultimately developing a smooth surface structure to the tube. 
99
 
Chapter 4 The growth of anodised TiO2 NTs in a NaF/Glycerol-based electrolyte 
Figure 4.8 SEM cross sectional view of the tubes highlighting the presence of ripples 
(rings) along the tubular structure (a, b). A single standing tube is also shown in the 
inset. 
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Figure 4.9 Cross sectional view SEM images of TiO2 showing a very smooth (a) and a 
partially smooth profile (b). Due to the longer timescale, the structure may undergo 
partial or total relaxation and reshape into a smooth surface. 
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4.4 The current transient during anodisation in NaF/Glycerol 
The current transients observed during the anodisation of titanium in glycerol/NaF 
solution at a variety of voltages are shown in Fig. 4.10. The curves show the profile 
obtained after having applied an initial ramp rate of 100mV/s to achieve a final constant 
voltage within the range 10-60V.  Higher voltages correspond to higher currents. 
Figure 4.10 Current-transients observed during the anodisation of titanium at different 
voltages in glycerol/NaF. Curves were registered at constant voltage, after ramping 
from 0V to its final value (10-60V) at 100mV/s. 
The curves are typical of a porous/tubular layer and the shape is identical to those 
obtained in water based solutions, as discussed in Chapter 3. The only difference is the 
longer timescale, since the process in organic media is much slower due to the higher 
viscosity and lower conductivity of the electrolyte and hence the different stages of 
anodisation are well separated in three different stages. At first the current decreases 
indicating thickening of the barrier layer is dominant with respect to the generation of 
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cavities and pores (stage I). The current then rises once cavities and pores are linked up 
to create channels where current flow is optimised, balancing the thickening of the 
anodic layer (stage II). Finally current becomes constant or decreases slightly (stage III). 
The oxidation process ceases once the migration of ions through the barrier layer 
beneath the structure and through the anodic layer is reduced to a point where it is equal 
to the dissolution rate of the oxide at the top of the tubes. Unlike the current transient 
recorded in water, no current oscillations are observed, apart from the experiments 
performed at 60V (where the nanotubular structure is lost, Table 4.1). 
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4.5 XPS analysis of as-prepared TiO2 tubes grown in NaF/Glycerol 
The XPS spectra observed for samples prepared in NaF/glycerol, Fig. 4.11, are very 
similar to those obtained in aqueous electrolytes, discussed in Chapter 3. The main 
difference is the higher carbon content (because of the electrolyte used) as well as a 
higher fluoride contamination, approximately 8%, as hexafluorotitanate complexes 
diffuse away slowly from the surface when anodising in glycerol. 
Figure 4.11 XPS spectra of an as prepared anodised TiO2 film grown in NaF/glycerol 
for 60min. 
The specimen characterised in Fig. 4.11 was anodised for 60min., since the oxidation 
process is much slower in glycerol than in water, mainly because of the higher viscosity 
of the electrolyte and the much lower water content. A comparison of the oxygen peaks 
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registered for samples anodised for 10min. and 60min., is shown in Fig. 4.12a and 
4.12b, respectively. Again, the signal includes three different oxygen contributions 
distinguished as O (530.5-530.7eV), O (531.6-532eV) which is likely to OXIDE OH / ORGANIC 
be mostly organic and O (533.1-533.4eV) also of organic nature. It can be seen ORGANIC
how the organic components ( O + O ) dominate clearly after 10min. OH / ORGANIC ORGANIC
while on the sample anodised for 60min., the oxide signal clearly increases in intensity 
(approximately 40% of the total). 
It is possible to remove the organic layer by ions etching and the depth profiling image 
in Fig. 4.12c reveals the true composition of the oxide film, and that almost two thirds 
of the total oxygen signal is due to the O  component. The final consideration is thatOXIDE
the mild cleaning (with isopropanol) was not sufficient to remove the glycerol from the 
surface of the film and this is probably why the fluoride contamination in the film is 
quite high. A longer cleaning procedure, using water should guarantee the removal of 
the viscous electrolyte as well as of fluoride species within this viscous layer. 
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Figure 4.12 Evolution of the oxygen peak with time when anodising in NaF/Glycerol. 
The organic components dominate at the early stages, 10min. (a), while the oxide peak 
becomes much more intense after 60min. (b). After removing few atomic layers by 
etching, the true composition of the film emerges, with the oxide representing the 60% 
of the total oxygen signal (c). 
106
 
Chapter 4 The growth of anodised TiO2 NTs in a NaF/Glycerol-based electrolyte 
4.6 Conclusions 

From experiments performed in a 98% glycerol solution containing 0.5wt.% of sodium 
fluoride (NaF) to generate TiO2 nanotubes it can be concluded that: 
i. The tubes can be formed within a voltage range 10-40V while are lost at a higher 
voltage. Nanotubes diameter is voltage dependent, with the widest diameter tubes 
being formed at 40V. The wall thickness of the tubes in also voltage dependent. 
ii. The metal/oxide interface is stabilised when applying an initial voltage ramp 
(100mV/s) before setting the voltage constant to its final anodising value (10­
40V). 
iii. The use of an organic media indeed allows the growth of longer nanotubes layers 
in comparison to water based electrolytes, with best results obtained at 20-30V, 
where a good compromise between oxidation and dissolution is achieved. In 
particular, it is possible to generate tubular layers 5.5μm in length by anodising for 
approximately 48h, whereas at a longer time collapse of the film is observed. 
iv. In terms of the current time transient, the curve is typical of a porous/tubular layer 
and the shape is identical to the one obtained in water based solutions, apart from 
the longer time scale. 
v. Nanotubes formed in glycerol also show ripples along the walls, although they are 
generally smoother than the surfaces of tubes formed in water. The ripples are 
thought to be a consequence of the presence of water (~2wt.%) within the 
electrolyte undergoing electrolysis to form oxygen. 
vi. SEM observations indicate the formation mechanisms in glycerol and water 
appear to be identical. The major difference is the timescale of the process, the 
anodisation process in organic media being slower due to the higher viscosity and 
lower conductivity of the electrolyte. 
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vii. From XPS analysis the anodic film does not any major different from layers 
grown in aqueous media. 
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CHAPTER 5 
MORPHOLOGICAL AND STRUCTURAL 

CHANGES IN ANODISED TiO2 NANOTUBES 

PROMOTED BY ANNEALING
 
5.1 Aims of the Chapter 
This chapter aims to provide a detailed analysis of the effect of a heat treatment on 
anodised TiO2 nanotubes. Annealing has been performed, in air, on anodised films 
prepared both in water-based and organic (glycerol) electrolytes. As-prepared (non-heat 
treated) samples, as presented in Chapter 4, show the anodic film to be generally 
amorphous, with sporadic crystalline islands within the structure. The two most 
common crystal phases existing for titanium dioxide are rutile and anatase. The thermal 
stability of the nanostructure and the possibility to convert the amorphous material into 
crystalline and/or switch between different crystalline phases are important factors to be 
considered for optimising the response of a material in a given application. 
Characterisation of the annealed specimens has included Raman spectroscopy to detect 
which phase is formed at a specific annealing temperature. Morphological changes 
promoted by the annealing have been monitored by electron microscopy 
characterisation, both SEM and TEM. High resolution TEM has also been used to 
support the Raman observations and to determine the crystal phase of the titanium 
dioxide after the heat treatment. Furthermore, in addition to Raman investigations, 
HRTEM also allows the evaluation of the crystal phase in the anodic layers. Finally, the 
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chemical composition of the annealed layers has been characterised by XPS 
measurements. It is of particular interested to observe how the chemical content of the 
anodic oxide changes along with the thermal treatment. This is of particular interest to 
evaluate if it is possible to eliminate contamination of fluorine and carbon by annealing, 
as shown from previous analysis (Chapters 3 and 4). Comparisons of the data with 
XPS analysis performed on as-prepared anodic nanotubes are also discussed. 
5.2. Thermal treatment on anodised TiO2 nanotubes 
From previous chapters it has been concluded, that the as-prepared nanotubes develop 
as an amorphous gel of hydroxylated TiO2 (especially when anodising in water-based 
electrolytes), sometimes containing very small crystals of anatase. It is of interest to 
establish how the anodic layer changes following a post thermal treatment, which is 
required to convert the amorphous layer into a fully crystalline material. Several 
applications are envisaged for the films of fully crystalline nanotubes, including dye 
sensitised solar cells, and as catalytic support for redox and photochemical reactions. 
For such applications the particular phase present, its purity and even the particle size 
can have an influence on the efficiency of the processes as a result of the change in 
band-gap energy measured with different crystallographic phases [1]. The most 
comprehensive work on annealed anodised titania nanotubes has been published by 
Grimes and co-workers in 2003 [2]; it was demonstrated that nanotubes are stable up to 
580°C when annealed in an ambient oxygen atmosphere. At a higher temperature the 
crystallisation of the titanium substrate disturbed the tubular architecture causing 
collapse and sintering of the structure. They observed rutile protrusions emerging from 
the metal structure at a high temperature (500°C or higher) and identify the protrusions 
as the main reason for the collapse of the nanotubes. Due to size constrains they also 
observed the crystal structure within the tubes to remain anatase. The anatase to rutile 
transformation in the tubes was attained using a humid argon atmosphere, therefore 
obtaining rutile nanotubes without collapsing of the structure, accompanied by 
shrinkage of the porous network. Little work has been done on the effect of the 
annealing since Grimes investigated relatively short (500nm length) nanotubes [2]. In 
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this work we have evaluated the effect of thermal treatment on anodic TiO2 nanotubes 
layers having a thickness of 1.6µm (grown in a water-based electrolyte) and 4-5µm 
(grown in an organic-based electrolyte). As reported in detail in Chapter 3, a series of 
different thermal treatments in air, at 200°C, 300°C, 400°C, 500°C, 550°C, and 600°C 
respectively have been carried out on the nanotubes grown in aqueous NaF/Na2SO4 and 
at 450°C and 500°C on samples grown in glycerol. The following sections report on the 
characterisation of anodised specimens including the evaluation of the crystal phases 
formed after annealing. The detection of the crystal phase has been accomplished using 
Raman spectroscopy and high resolution TEM characterisation. The use of TEM and 
SEM is beneficial to monitor how the morphology of the anodic film changes with 
temperature before the tubular structure finally collapses. 
5.3 Raman spectroscopy of annealed TiO2 nanotubes 
A first evaluation of the phase changes has been made using Raman spectroscopy, 
which allows to maximise the signals from the oxide grown on the metallic substrate. 
Due to its metallic nature, titanium has free electrons preventing the lattice vibrations 
and therefore it is not Raman active. Analysis was performed within the range 300­
700cm-1, an optimal region for discriminating between different crystal phases of TiO2 
[3,4]. The presence of anatase and rutile has been observed within the temperature range 
examined (from as-prepared up to 600°C). Brookite, by far the less common crystal 
phase for titanium dioxide, which would also have had characteristic peaks within the 
300-700cm-1 region has not been detected at any of the investigated temperatures. A 
comparison of the spectra registered for specimens anodised in aqueous Na2SO4/NaF 
and annealed at different temperatures is shown in Fig. 5.1. These results will now be 
discussed. There are no Raman peaks at 200°C, indicating the presence of amorphous 
material, while the spectra begin to change at 300°C with the appearance of anatase (A) 
peaks at ~400cm-1 (corresponding to the B1g vibration mode) 520cm
-1 (A1g mode) 
640cm-1 (Eg mode). Anatase signals persist throughout the entire range of annealing 
temperatures, and become more intense with each increase in temperature. From the 
Raman data, it would appear that a minimum temperature of 300°C is necessary to 
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promote crystallisation of the anodic film, although TEM investigation on as-prepared 
samples, previously discussed in Chapter 3, has revealed the presence of small 
crystalline islands before any thermal treatment (see Fig. 3.7 and Fig. 3.8). It is possible 
that the crystals in the untreated samples are too small in size or, more likely, are in a 
non-significant quantity within the amorphous matrix and this does not allow their 
detection with Raman spectroscopy. 
Figure 5.1 Raman spectroscopy showing crystal phase changes in anodised titania 
nanotubes prepared in aqueous NaF/Na2SO4 electrolyte, and annealed in air at different 
temperature, from 200° to 600°C. 
Furthermore, from Raman spectroscopy, in addition to anatase, the presence of a second 
phase, rutile, is also detected at 500°C or higher annealing temperatures. The rutile (R) 
phase first appears in samples annealed at 500°C with a peak occurring at 
approximately 450cm-1 (Eg mode). Rutile has also a second characteristic peak at 
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approximately 615cm-1 (A1g mode) which is clearly visible at 600°C as a shoulder of the 
anatase signal at 640cm-1, while it is hidden by the latter at 500 and 550°C, since rutile 
is just starting to form and its intensity is lower. Peak values are in good agreement with 
those previously reported for TiO2 nanoparticles [5]. Due to the nanosize scale of the 
tubes, along with bulk mode vibrations, there are the so called interfacial vibrations (i.e. 
due to the fact most of the material is at the surface) which broaden the peaks and 
slightly shifts them to lower wavelengths [6-8]. Similar conclusions can be drawn for 
samples grown in a NaF/Glycerol electrolyte, when the nanotubes are normally thicker 
(4-5m compared to 1.6m for those prepared in water) and have a smaller diameter 
than tubes grown in water-based media. Raman spectra of specimens anodised using the 
organic electrolyte and annealed at a different temperature (450 and 500°C), as well as 
of a non-heat treated sample are shown in Fig. 5.2. 
Figure 5.2 Raman spectroscopy showing crystal phase changes in anodised TiO2 
nanotubes prepared in a NaF/Glycerol electrolyte, as-prepared, and annealed at 450 or 
500°C. 
The information provided by the spectra are very similar to that observed for samples 
grown in water. Again the as-prepared film is amorphous. On the basis of the 
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conclusions drawn from thermal treatment on TiO2 films grown in an aqueous 
electrolyte, the range 450-500°C was investigated to examine the development of the 
anatase phase, which is preferred in photo-voltaic applications, since it leads to a better 
percolation of electrons and higher photocurrents [9,10]. Indeed the dominant phase at 
450 and 500°C is anatase, however the presence of rutile peaks at 450°C, suggests it is 
better to anneal the specimens at a lower temperature (300-400°C) to obtain only 
anatase. 
5.4 SEM evaluation of morphology changes promoted by annealing 
The following section is based on SEM evaluation of the morphology changes and 
stability of anodised TiO2 (again grown in aqueous Na2SO4/NaF) annealed in air. No 
significant changes in morphology are observed up to 500°C, as can be seen from SEM 
micrographs shown in Fig. 5.3a and 5.3b, which correspond to samples annealed at 
400° and 500°C, respectively. It seems instead the tubes partially collapse at 550°C, 
Fig.5.3c, with some of the oxide rings which build up the tubes beginning to sinter 
together. With a further increase in temperature, the sintering process proceeds to the 
point where nanotubes are no longer observed at 600°C, as can be seen in Fig.5.3d. 
From the SEM images, it is not possible to establish whether the collapse of the 
anodised nanostructure is related to the formation of rutile observed at 550-600°C by 
Raman. In their previous studies, Grimes and colleagues [2] explained the collapse as 
the consequence of rutile protrusions emerging from the interface metal/metal oxide 
into the anodic film following oxidation of substrate at 580°C and higher temperatures. 
These protrusions are not observed here using SEM; it should be noted that the annealed 
specimens in this work have tube lengths of approximately 1.5µm (while it was 0.5µm 
in Grimes study) and this may hide their view on SEM top view images. Certainly at 
550°C the structure is beginning to collapse and particles sinter together. However, it 
was important to observe the stability of the tubes up to 550°C as this allows 
investigation of their performances in dye sensitised solar cells, where anatase is the 
preferred phase [9,10]. Identical observations were made for tubes grown in glycerol, 
with the tubes stable up to 500°C. 
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Figure 5.3 SEM micrographs of the top of anodised TiO2 grown in an aqueous 
Na2SO4/NaF electrolyte and annealed at a different temperature. It can be seen that the 
tubular structure is well preserved at 400°C (a) and 500°C (b) while it collapses 
partially at 550°C (c). The tubular structure is completely removed at 600°C (d), where 
nanoparticles sinter together. 
5.5 XPS analysis of annealed anodised TiO2 nanotubes 
It is important to evaluate how the composition of the nanotubes film varies following 
thermal treatments. The analysis has been limited to nanotubes grown in aqueous 
Na2SO4/NaF and annealed at 300°C, 400°C and 550°C. The XPS spectrum of a sample 
anodised annealed at 400°C is shown in Fig. 5.4. Comparing it with the spectra 
registered for as-prepared samples discussed in Chapters 3 and 4, it is interesting to 
observe a drastic reduction of the fluoride concentration, highlighted in the inset of Fig. 
5.4. 
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Figure 5.4 XPS spectra of anodised titania nanotubes grown in aqueous Na2SO4/NaF 
and annealed in air at 400°C. In terms of chemical composition, the main differences 
from as-prepared samples are a much lower nitrogen, carbon and fluoride content, the 
latter highlighted in the inset of the image. 
This means fluoride ions, specifically TiF6
2 species (detected in previous XPS 
analysis), are clearly expelled from the anodic film during the annealing process at 
400°C. This could be an advantage in potential applications, considering that a fluoride 
rich outer layer might represent a problem for the adsorption of a dye on the surface of 
the oxide when used in sensitised solar cells. The presence of fluoride could also alter 
the properties of the surface in catalysis, gas sensing and biomedical devices. Nitrogen 
and carbon contents are also reduced if compared with values observed in as-prepared 
samples. The fluoride content, following the heat treatment of the film, is proportional 
to the annealing temperature. This can be clearly observed in Fig. 5.5, where it is shown 
how fluoride concentration gradually decreases from 3.8at.% in as-prepared TiO2, to 
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1.0at.% following heat treatment at 300°C, 0.3at.% at 400°C and finally to a 
concentration below the detection limit at 550°C. 
Figure 5.5 XPS analysis of the fluoride content in anodised TiO2 nanotubes grown in 
aqueous Na2SO4/NaF and annealed at different temperatures. 
XPS analysis of the oxygen peaks on the annealed sample before etching with Ar ions 
(i.e. depth profiling) is shown in Fig. 5.6a, with the inset representing the situation 
observed before the heat treatment. It is interesting to observe that the organic peak at 
534eV has almost completely disappeared, indicating that some of the contamination 
introduced by the cleaning procedure can be removed by annealing. However, there is 
still a certain amount of O at 531.7eV. It is reasonable to assume that the OH / ORGANIC 
annealed films do not contain any residual hydration (apart from moisture adsorbed 
after the thermal treatment), and this extra oxygen is again of an organic origin. The 
composition remains almost identical after etching away the first few superficial layers, 
as shown in Fig. 5.6b. 
117
 
Chapter 5 Morphological & structural changes in anodised TiO2 NTs promoted by annealing 
Figure 5.6 XPS analysis oxygen content on a sample anodised TiO2 nanotubes grown 
in aqueous Na2SO4/NaF and annealed at 400°C before (a) and after (b) the etching 
treatment. For comparison the oxygen peak on an as prepared sample is reported in the 
inset of image (a). 
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5.6 TEM analysis of annealed nanotubes 
Further details on the morphology and phase changes promoted by annealing of TiO2 
tubes have been provided by TEM investigation. For example, using Raman and SEM, 
it has not been possible to clarify the location of the different crystal phases within the 
anodic film after the annealing process. The following section describes the film 
structure observed for samples anodised in an aqueous Na2SO4/NaF electrolyte and 
annealed within a temperature range 200-600°C. Specimens did not undergo any 
thinning process (PIPS), since this is capable of promoting localised crystallisation, as it 
will be discussed in Chapter 6. 
5.6.1 As-prepared (room temperature) 
TEM analysis of as-prepared samples was presented in Chapter 3 and the main 
observations are summarised here. The structure consisted of very fine grains of anatase 
distributed in an amorphous matrix. The presence of crystals may be related to local 
dielectric breakdown occurring within a small section of the film during the growth 
rather than local heating caused during the specimen preparation, considering the 
samples did not undergo PIPS. In some cases it has been possible to estimate the d 
spacing directly from TEM micrographs and compare it with values reported for 
different polymorphs (anatase and rutile) of titanium dioxide [11]. 
5.6.2 Annealed at 200°C 
The porous network is clearly visible after annealing at 200°C as shown by the TEM 
micrograph in Fig. 5.7a. It is interesting to note that the anodic film has two distinctive 
types of diffraction pattern. At first, the sample exhibits a diffuse 360° overlapping 
bands typical of an amorphous material, as can be seen from the inset of Fig. 5.7a. 
However, a close inspection of one of the oxide rings composing the network reveals 
the presence of crystalline areas, with a very clear diffraction contrast, as in Fig. 5.7b 
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and inset. The presence of crystals was not observed using Raman spectroscopy, since 
the crystalline islands are dispersed in an amorphous matrix. The lattice spacing in Fig. 
5.7b has been measured (with the aid of a magnifier lens) to be 1.89Å, which would 
correspond to the anatase (200) plane, d(200) =1.892Å. It is interesting to observe that the 
outer part of the oxide rings has an amorphous layer. From XPS analysis in Section 5.5 
it has emerged that the fluoride concentration drops from 3.8at.% in as-prepared 
nanotubes to 1at.% in nanotubes annealed at 300°C. Therefore this sample annealed at 
200°C is likely to have a fluoride concentration between these two values and it is 
difficult to establish whether the outer amorphous layer of the oxide contains fluoride 
contaminant or not. Another possible source of this amorphous layer could be the 
organic carbon introduced during the cleaning with isopropylic alcohol, as XPS shows 
(see Fig 5.6) this carbon rich layer is not completely removed by annealing. 
5.6.3 Annealed at 300°C 
Again, the sample annealed at 300°C provides a clear insight into the three dimensional 
structure of the anodised film, Fig. 5.8a and 5.8b, made up of interlocked oxide rings of 
different diameters and thicknesses. The film is a wholly crystalline structure, as 
indicated by the diffraction pattern, inset of Fig. 5.8a, as also suggested by Raman 
spectroscopy (see Fig. 5.1). 
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Figure 5.7 TEM image of the anodic film after annealing at 200°C and corresponding 
diffraction patterns in the inset, showing the presence of amorphous phase (a). Anatase 
is detected at a closer examination, with electron diffraction pattern reported in the inset 
(b). 
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Figure 5.8 TEM micrographs taken from anodised TiO2 nanotubes annealed at 300°C. 
The three dimensional network of oxide rings and cavities is crystalline as suggested by 
the corresponding diffraction pattern in the inset (a). Further details on the structure are 
visible in (b). 
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At a higher magnification, further details of the structure can be resolved. For example 
in Fig. 5.9a it is possible to indentify some of the d-spacings emerging from TEM 
analysis. The observed periodicity, d(200) =1.892Å, corresponds to the presence of 
anatase (200). Similar conclusions can be drawn from the TEM image represented in 
Fig. 5.9b. The micrograph also shows the presence of other d planes, which cannot be 
easily resolved, but are likely to be due to anatase on the basis of Raman spectra in Fig. 
5.1. Due to the overlapping of different crystals, a rotation Moiré pattern is also 
observed in the image. Such a pattern appears when there is an overlapping of different 
crystals having identical d-spacing, but twisted with respect to each other by a small 
angle [12]. More microstructural information is provided in the micrograph in Fig. 5.9c. 
It would appear as the interior of the arms of the oxide rings are crystalline with the 
grain boundaries and tri-points free of a second phase. However, as it will be shown in 
following sections for samples annealed at higher temperature (400-600°C), an 
amorphous phase is present in the outer layer of the oxide and the complete 
crystallisation observed here may not be purely representative. 
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Figure 5.9 Details of the crystallinity of anodised TiO2 nanotubes annealed at 300°C 
confirming the presence of anatase, (a) and (b). It would appear as the structure is fully 
crystalline (c). 
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5.6.4 Annealed at 400°C 
In the well crystallised structure obtained at 400°C, Fig. 5.10a and inset, the porous 
structure is still clearly visible, in agreement with the SEM analysis. Furthermore, an 
amorphous layer can still be clearly seen on the edges of the grains and oxide rings, Fig. 
5.10b. Since from XPS, the presence of fluoride ions after annealing at 400°C has to be 
excluded (i.e. total fluoride containing species concentration is well below 1at.% at 
400°C) it is reasonable to attribute the presence of the amorphous layer to the remnant 
carbon (from the cleaning with isopropylic alcohol and bonded via oxygen to the oxide) 
which presumably forms a polymer-like compound, difficult to remove from the oxide. 
A TEM analysis of samples prepared and annealed using identical conditions, but 
avoiding the cleaning procedure with organic chemicals (isopropanol) would help 
clarify the nature of this feature. The micrograph in Fig. 5.10b, it is difficult to be 
resolved clearly and is characterised by several different overlapping crystals generating 
moiré patterns. Nevertheless it is still possible to discriminate some of the d-spacings 
emerging from the specimen, particularly those relative to the anatase planes (200) and 
(101), respectively, d(200)=1.892Å and d(101)=3.52Å. 
5.6.5 Annealed at 500°C 
After annealing at 500°C, the structure is clearly changing shape, with oxide rings and 
cavities becoming generally more angular, a concept which is clearly illustrated by the 
TEM micrograph in Fig. 5.11a. The outer amorphous layer is still present, as shown in 
Fig. 5.11b, and it can now be concluded it is definitely not due to the presence of 
fluoride ions in the anodic layer. It has not been possible to establish the d spacing of 
the crystals observed in Fig. 5.11b as the d space calculated was in the range 1.68­
1.71Å and can be attributed either to rutile or anatase. In fact, as it was detected from 
Raman at 500°C, the rutile crystal phase appears in the anodic layer at this temperature. 
It is difficult to establish whether the morphological changes observed, with oxide rings 
becoming more angular, are related to the formation of rutile crystals. 
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Figure 5.10 TEM images of anodised TiO2 nanotubes annealed at 400°C. The porous 
network typical of the structure (a) and the crystallinity in the oxide rings showing the 
presence of anatase and of an outer amorphous layer (b). 
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Figure 5.11 TEM images of anodised TiO2 nanotubes annealed at 500°C. Reshaping of 
the oxide rings and the cavities into a more squared and angular morphology (a). 
Undefined crystals in the anodic structure along with the characteristic outer amorphous 
layer (b). 
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5.6.6 Annealed at 550°C 
Fig. 5.12a shows that the change in grain morphology is continuing and that the sample 
is undergoing densification with the removal of most of the void regions between the 
arms of the structure. At increasing magnification, Fig. 5.12b and 5.12c, the grains can 
still be seen to have an amorphous film on the surface, which is present event after the 
550°C heat treatment. 
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Figure 5.12 TEM images of anodised TiO2 nanotubes annealed at 550°C. The particles 
have come to sinter together and the porosity of the structure decreases (a). Details of 
the structure reveal again the presence of some undefined crystals and of an amorphous 
layer (b,c). 
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5.6.7 Annealed at 600°C 
At 600°C the TiO2 densifies significantly, Fig 5.13a, and the crystals are now equiaxed 
rather than elongated. The high surface area of the structure makes the tubes prone to 
undergo solid state sintering, in fact voids have all but disappeared and the remaining 
amorphous material, previously coating the free surface of exposed crystals has been 
redistributed at grain boundaries and tripoints, as shown Fig. 5.13b and Fig. 5.13c. 
It is interesting to observe the presence of anatase, Fig. 5.13c, whereas it is not possible 
to identify any rutile planes, although rutile is the dominant phase in the Raman 
spectrum registered at 600°C. Although it is not easy to clarify this controversy, the 
absence of rutile crystals in the anodic structures would suggest, as also claimed by 
Grimes and colleagues [2], that rutile mainly develops from the metallic substrate, i.e. 
therefore at the titanium/titanium dioxide interface. Since the TEM specimens were 
prepared from sections of the anodic film detached from the substrate, rutile crystals 
may have not been detected by TEM simply because they are not incorporated in the 
anodic film or they develop from the interface metal/metal oxide. Finally, not all the 
interfaces have an amorphous layer, indeed some are clean and show close 
correspondence of lattice images from adjacent grains at the grain boundary, Fig. 5.13d. 
Again the d spacing emerging is typical of the anatase (200) plane, d(200)=1.892Å. 
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Figure 5.13 TEM images of anodised TiO2 nanotubes annealed at 600°C. The tubular 
network no longer exists (a) as the particles have clearly sinter together (b). From the 
structure it is possible to distinguish some anatase crystal (c,d). 
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5.6 Conclusions 
In summary from the investigation on the effect of thermal treatment on the 
morphology, crystallinity and composition of the anodic TiO2 nanotubes, it can be 
concluded that: 
i.	 The nanotubes are stable on a air atmosphere up to 550°C. When heat treated at a 
higher temperature (600°C) the anodic structure does not exhibit a nanotubular 
structure anymore, as sintering between the nanoparticles dominates, as observed 
from SEM and TEM. 
ii.	 Raman and HRTEM analysis show it is possible to convert the nanotubes from 
amorphous to anatase and the conversion take place at around 300°C. 
iii.	 At higher temperature rutile appears (500-550°C) and becomes the dominant 
phase (600°C). It was not possible to evaluate if the collapse of the structure is 
related with the transition from anatase to rutile. Rutile d-spacings are not detected 
from HRTEM of specimens, which were prepared by detaching section of the 
anodic film from the metallic substrate. This could suggest that rutile mainly 
develops at the metal-oxide interface and not as part of the anodic film. 
iv.	 XPS analysis shows fluoride ions are gradually ejected from the anodic layer 
following the annealing and the fluoride concentration is negligible in samples 
treated above 400°C. However, even after the annealing at 550-600°C, an 
amorphous outer layer can be observed on the oxide rings forming the tubes. The 
amorphous layer is probably a consequence of the use of isopropanol for cleaning 
the specimens. Further work on annealed samples, avoiding cleaning with any 
organic chemicals, should clarify this issue. 
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CHAPTER 6 
NEW INSIGHTS ON THE GROWTH 

MECHANISM OF ANODISED TiO2 NANOTUBES
 
6.1 Aims of the chapter 
Optimisation of the parameters controlling the growth of anodised TiO2 nanotubes has 
recently resulted in the synthesis of films up to nearly 1000µm in thickness [1]. Despite 
this, the development and formation of a nanotubular structure remains unclear. 
Existing models and mechanisms often fail to provide detailed information regarding 
the morphology and structure at the very early stages of the process and do not take into 
account the manner in which the oxide film develops and changes in both composition 
and phase with time. For example, there is a general absence of TEM analysis of the 
early stages of the process, which (as discussed in Chapter 3) allows the observer to 
monitor how the film evolves and develops from the beginning of the anodising process 
through to the end of growth. The use of TEM (Chapter 5) provides more information 
than any other characterisation technique. The objective of this chapter is to present a 
comprehensive characterisation of the anodisation process and propose a new growth 
model mechanism, based on experimental observations, with a view to elucidating the 
formation of the titania nanotubes. Whilst most of the film growth and characterisation 
has been carried out in a water-based electrolyte, it could be entirely possible that the 
film evolves in a somewhat different manner in organic electrolytes, especially in those 
having a higher viscosity (such as in glycerol), which significantly affects the diffusion 
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of ions in the solution. However, from Chapters 3 and 4 the mechanism of growth 
appears to be very similar although the process is slower in organic media. The first part 
of Chapter 6 provides a detailed overview of the chemistry behind the anodisation of 
titanium in fluoride containing media, including side reactions that may play a role in 
the growth of the nanotubes. Existing growth models are also reviewed, along with a 
discussion of their strengths and their weaknesses. The final part includes a summary of 
the TEM observation highlighted in Chapter 3 regarding the earlier stages of the 
growth, and a detailed analysis of the later stages. Based on these observations, a 
possible growth model mechanism is discussed in an attempt to address some of the 
questions unanswered by previous investigations. 
6.2 Chemistry of the growing process 
A detailed description of the formation of anodic titanium oxide appears rather 
complex, yet a general and simplified model of the chemistry involved is required to 
understand the growth process. The outer anodic layer (partly exposed to the 
electrolyte) has an excess of hydroxyl ions compared to the inner layer [2], and is 
considered to be Ti(OH)4. The hydration of the film, particularly when working in 
aqueous electrolytes has been confirmed by XPS analysis presented in Chapter 3. The 
inner layer, where the de-hydroxylation of the film (water release) has occurred, is 
represented as TiO2. In reality, there is likely to be a concentration gradient across the 
film, which can be written as TiO2  xH 2O , to represent the inner (dry) and outer 
(hydrated) anodic oxide. The reactions occurring at the anode are oxidation of the metal, 
which releases Ti4+ ions and electrons (Eqn. 6.1): 
 2Ti  2Ti 4 8e (Equation 6.1) 
and recombination of Ti4+ ions with OH- and O2- species provided by the water. This 
results in the formation of hydrated oxide (Eqn. 6.2) and oxide (Eqn. 6.3). Further oxide 
is subsequently produced when the hydrated anodic layer releases water by a 
condensation reaction (Eqn.6.4): 
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 (4 Ti OOHTi 4)H (Equation 6.2) 
2 
24 2 TiOOTi   (Equation 6.3) 
H OTiOTi OH 224 2)(  (Equation 6.4) 
4  
These reactions (Eqn. 6.1-6.4) represent the possible field-assisted oxidation processes, 
since the applied voltage controls the rate of ion migration within the metal/metal oxide 
interface. At the cathode, there is hydrogen evolution, (Eqn. 6.5): 
8H   8e  4H 2 (Equation 6.5) 
On summing the reactions above (Eqn. 6.1-6.5), the overall process of oxide formation 
is represented as: 
Ti  2H 2O  TiO2  2H 2 (Equation 6.6) 
In addition, the fluoride ions present in the electrolyte can chemically dissolve the 
hydrated layer and the oxide (Eqn. 6.7-6.8), or react with Ti4+ (Eqn. 6.9), the ions being 
mobile in the anodic layer (field-assisted dissolution), under the applied electric field 
[3]: 
  2TiO2  6F  4H  TiF6  H 2O (Equation 6.7) 
 2 Ti(OH )4  6F  TiF6  4OH (Equation 6.8) 
4  2Ti  6F  TiF6 (Equation 6.9) 
Clearly, the competition between formation of the oxide (Eqn.s 6.2-6.4) and its 
dissolution (Eqn. 6.7-6.9), is a key factor in determining the anodic titanium oxide 
structure produced. An aspect rarely mentioned in previous growth models is the 
evolution of oxygen at the anode (Eqn. 6.10), a side reaction, which occurs during 
anodisation of titanium [4]: 
137
 
Chapter 6	 New insights on the growth mechanism of anodised TiO2 NTs 
2H 2O  O2  4e  4H 	 (Equation 6.10) 
The fact that gas evolution at the anode plays a role in determining the morphology of 
the final structure cannot be excluded. In fact, as will be discussed later, evolution of 
oxygen has been observed during the anodisation experiments undertaken within this 
project. 
6.3 Summary of previous reported models 
Unlike the well-know case of anodic porous alumina [5], where dissolution phenomena 
plays a minor role, when anodising titanium in fluoride containing media, the chemical 
dissolution may overcome the oxidation and has to be reduced to optimise the growth of 
the oxide. The first proposed titania growth model [6], assumes the formation of a 
barrier layer followed by generation of pits and cracks at the surface. Pores/tubes 
develop preferentially from those “easy paths”, either because of a greater electric field 
underneath the pores [7] or by development of a localised acidification creating a pH 
gradient between the bottom and the mouth of tubes [8]. The latter process accelerates 
dissolution (Eqn. 6.7-6.9) at the bottom of the already formed pores and has an impact 
on the development of cavities in organic and viscous electrolytes, where ion diffusion 
is minimised [9]. However, based on the higher interconnectivity of different cavities 
discussed in Chapter 3, it is difficult to conceive of a pH gradient between the bottom 
and the mouth of the tubes, when anodising in aqueous media. Although important, 
these studies [6-9], appear to be an oversimplification of the real scenario and lack of 
information on many aspects of the process. For example, current growth models are 
unsatisfactory as: 
i.	 They assume the development of a porous structure; it is not clear why and when 
the transition from pores to tubes occurs. 
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ii. They do not explain how the structure develops with time and the possible 
changes in the film morphology. They assume that the structure develops by self­
organisation from the early stages of the process. However, particularly in water-
based media where the dissolution rate is relatively high, experimental evidence 
suggests the structure of the film is quite random at the beginning and changes 
during the anodisation becoming more organised with time. 
Schmuki and co-workers have very recently proposed a more comprehensive model 
[10], where they consider the change from a random “worm-like” to a self-ordered 
nanotubular array as a result of a competition between strong and weak pores for the 
area to oxidise. They also assume pores transform into tubes and relate this transition to 
the stress developed at the interface metal/metal oxide and the generation of cationic 
vacancies because of Ti4+ migration and dissolution. Raya and colleagues [11] suggest 
similar behaviour and conclusions. An extensive and clear analysis of the various stages 
of the growth is still lacking, especially the very initial ones because are difficult to 
characterise by SEM microscopy as the anodic layer is very thin (few nanometers). 
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6.4 Study of growth mechanism using electron microscopy 
Characterisation techniques which may unveil the growth mechanism behind the growth 
of titania nanotubes are current-voltage polarisation curves and current-time transient, 
and electron microscopy, discussed in Chapters 3-4. The next paragraph summarises 
the observations from TEM analysis presented in Chapter 3 and discussing TEM 
analysis that has been extended to the various stages of the growth process, before 
presenting the new growth model mechanism here proposed. 
6.4.1 A summary of TEM work accomplished 
The early stages (0-10minutes) of the growth process and a comprehensive TEM 
analysis of a specimen anodised at 20V after applying a voltage ramp of 100mV/s, have 
been discussed in Chapter 3. The main conclusions were: 
i.	 The higher interconnection between the cavities is clear and best appreciated using 
TEM. When using an initial voltage ramp, the film is etched from the very 
beginning of the experiment and the structure is highly interconnected (as was 
shown in Fig. 3.6). 
ii.	 The structure develops a tubular-like morphology from the very beginning, 
although the film is not yet self-organised. This excludes a transition from pores to 
tubes, commonly suggested in previous studies [6-10]. 
iii.	 Most of the initial cavities are smaller than their final size and within the larger 
cavities, a series of smaller ones could be observed (Fig. 3.7). This is a 
consequence of the fact that equilibrium between oxidation and dissolution has yet 
to be achieved and the system is still evolving to its final configuration. 
iv.	 The structure appears to become more organised with time (i.e. comparison 30s, 
200s versus 10min.). 
140
 
Chapter 6 New insights on the growth mechanism of anodised TiO2 NTs 
6.4.2 Further details on the development of the anodic structure 
To complete the characterisation of the TiO2 formed during the evolution of the anodic 
layer with time, TEM analysis has also been performed on samples anodised for 30min. 
and 2-4h. These will now be discussed. 
Structure at 30 minutes 
A specimen anodised for 30min., Fig. 6.1, shows how the structure is moving from an 
interconnected random porosity (see Fig. 3.6, Fig. 3.7 and Fig. 3.9 in Chapter 3) to a 
more organised state and the oxide rings are visible from the top view of the specimen. 
It appears that the cavities have become more aligned than those at the beginning of the 
process (i.e. from few seconds to 10min.). 
Figure 6.1 TEM micrograph of a specimen anodised for 30min. at 20V (after the initial 
ramp at 100mV/s). The system is moving toward a self-organisation of the tubular-like 
array. 
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The very fine structure of the sample after 30min. is shown in Fig. 6.2a and 6.2b, and is 
seen to be non-crystalline, but does have a “spotty” appearance, with some indication of 
alignment of the spots. The thinned regions of the foil can be seen to be amorphous, but 
close examination reveals the appearance of lattice images near the edge of the foil over 
a short range, Fig. 6.3a. The electron diffraction pattern in the inset shows a continuous 
ring indicative of a very finely divided crystallised phase and also a diffuse background 
caused by the remnant amorphous phase. The micrograph in Fig. 6.3b, shows the 
presence of well crystallised regions of TiO2, in the form of very small crystals, 
somewhat similar to the appearance of a glass-ceramic. The crystallite size produces a 
diffraction pattern (inset of Fig. 6.3b) that is made up of many individual spots. This is 
not surprising, as crystalline islands have been detected, as discussed in Chapter 3, in 
as-prepared samples, which are overall amorphous. The presence of very small crystals 
in this sample can also be a consequence of the preparation of this sample for TEM 
analysis. This specimen has undergone ion beam thinning and, the Precise Ion Polishing 
Stystem (PIPS) treatment may have heated up this section of the foil sufficiently to 
initiate crystallisation of the amorphous titania nanotubes. 
Figure 6.2 TEM micrographs of a specimen (anodised for 30min. at 20V in aqueous 
1M Na2SO4/0.5wt.% NaF) showing the pore walls (a) and the fine structure of the 
amorphous titanium dioxide (b), which makes up the walls. 
142
 
Chapter 6 New insights on the growth mechanism of anodised TiO2 NTs 
Figure 6.3 PIPS thinned section of the TiO2 anodised film. Lattice images are present 
near the edge of the foil and the diffraction pattern (inset indicates the presence of a 
very fine divided crystalline phase (a). Heat affected zone caused by the PIPS thinning 
process and the corresponding diffraction pattern (b). 
Structure at 2-4h 
Based on electron microscopy observations, the minimum anodisation time required to 
obtain a relatively well organised nanotube structure is 90-120min. The tubular-like 
morphology is clearly visible after 2h using SEM at low magnification, Fig. 6.4a. At 
higher magnification, Fig. 6.4b, the oxide rings appear to be stacked up to create the 
nanotubes and can be clearly observed beneath the top layer. Additional details are 
provided by TEM images, as shown in Fig. 6.5a, 6.5b, 6.5c and 6.5d. Compared to the 
early stages 0-10minutes presented in Chapter 4 and 30minutes discussed in the 
previous section (see Fig. 6.1), this layer appears to be more self-organised and the 
rings making up the tubes are well aligned. Particularly, Fig. 6.5d, taken from a tilted 
sample (45°) shows a cross sectional view of the tubes and again confirms that the 
anodic layer prepared in a water based electrolyte is better described as formed from a 
stack of rings rather than as smooth tubes. An aspect rarely mentioned in previous 
growth models is the evolution of oxygen at the anode, which occurs during anodisation 
of titanium [12,13]. 
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For all our experiments, gas evolution was observed at the anode, particularly during the 
early stages of the process. The initial porous structure is formed in the presence of 
fluoride, but is possibly aided by water electrolysis at the anode (Eqn. 6.10). In addition, 
the presence of channels where electrolyte and ions can flow also enables continued 
oxygen evolution, while for barrier layer (pore free) type TiO2, oxygen evolution only 
occurs at the very early stages of growth. 
Figure 6.4 SEM images of a specimen anodised for 2h. The tubular-like morphology is 
clearly visible at low magnification (a) and the structure appeared more defined than the 
one obtained after 10min. (Chapter 3, Fig. 3.9). At a higher magnification (b), oxide 
rings forming the tubes can be clearly seen beneath the top layer. 
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Figure 6.5 This specimen was anodised for 4h and has a regular porous network (a), 
(b), and (c) while a cross sectional image taken by tilting the sample reveals the 
presence of different rings which are piled together to form a nanotube like structure 
(d). 
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6.5 Growth model mechanism 

Based on the SEM and TEM analysis discussed in Chapters 3-5, it is now possible to 
discuss the growth mechanism underlying the formation of the nanotubes. In a 
chronological order, the anodic film is thought to evolve according to the following 
stages: 
i.	 Ionic movement driven by the electric field 
Before anodising, the titanium surface, in its virgin state, is covered by a thin layer 
of natural oxide (TiO2). When a voltage is applied, positive ions such as Ti
4+ move 
outward from the anode (i.e. towards the electrolyte), due to the high electric field 
[3], while negative ions (O2-, OH- and F-) are driven inward into the thin oxide 
layer to reach the anode, as in Fig. 6.6a. For this reason, the growth of the anodic 
layer can take place at both the metal/oxide and oxide/electrolyte interfaces (Eqn.s 
6.2-6.4). This is particularly true in the early stages of the process, where the oxide 
is relatively thin. The anodised layer, when formed (particularly using water based 
electrolytes) has a certain degree of hydration, as confirmed by XPS analysis 
presented in Chapters 3-4 and also previously reported by others [2]. 
ii.	 Formation of cavities from the very early stages of the growth 
Fluoride ions in the solution cause etching and generation of cavities, Fig. 6.6b, 
which could have certain mobility in the film, especially, prior to dehydroxylation 
of the oxide. The movement of ions is facilitated by the presence of cavities, 
which indeed helps to keep the oxidation process active. A further observation, 
often ignored, is that of gas evolution at the anode (Eqn. 6.10). Gas bubbling could 
aid the formation of cavities and subsequently the ring-shaped structures as the 
cavities merge. It appears as there is not a straightforward transition from pores to 
tubes, simply because oxide rings form at the very early stages of anodisation. 
They can be considered as the precursor unit (or building block) of the tubes. 
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Figure 6.6 The movement of anions (O2-, OH-, F-) toward the anode and Ti4+ toward the 
electrolyte under the action of the electric field, allowing for the growth of the oxide at 
both the metal/oxide and the oxide/electrolyte interfaces at the beginning of the 
anodisation (a). Almost simultaneously (i.e. very early stages) cavities generate in the 
anodic layer because of the presence of fluoride ions (b). 
iii.	 Further development of the oxide and interconnection of cavities 
The anodic layer evolves and becomes thicker. Fig 6.7a shows a TEM micrograph 
of a specimen anodised for 30s with an already well-developed porosity. A 
schematic of the anodic layer is shown in Fig. 6.7b, where the metal/oxide 
interface moves deeper into the metal during the course of the anodisation. In 
addition, at this stage the oxide-electrolyte interface moves towards the 
electrolyte, as Ti4+ ions are pushed out of the anode by the electric field. Again, 
the pores/cavities, which will contain liquid and ionic species in solution, can act 
as a channel for the ionic flow, which would concentrate in the larger arrays of 
cavities due to lower localised electrical resistance. 
iv.	 The oxide reshapes to optimise the passage of current and long channels form 
from partial collapse of the oxide separating different cavities 
The structure moves gradually to form the final tubular morphology. Under the 
action of the electric field, the system rearranges to optimise the passage of current 
through the insulating layer. Fig. 6.8a is a TEM micrograph of a sample anodised 
for 30min. (see also Fig. 6.2a) where the structure appears highly interconnected. 
As previously discussed, the oxide layer gradually reshapes with time to form a 
random network of cavities and rings to a more organised array. Under the action 
of the applied electric field, cavities would tend to orient vertically to the surface 
147
 
Chapter 6 New insights on the growth mechanism of anodised TiO2 NTs 
of the metal (ie. in the direction of the electric field), and to link together, 
breaching cavity walls to optimise the passage of the current, Fig. 6.8b and 6.8c. 
Figure 6.7 TEM specimen showing the anodic film after 30min. (a). The structure has 
already developed certain porosity and can be schematically represented as in (b). 
Figure 6.8 TEM image of a specimen anodised for 30min., showing a highly 
interconnected structure (a) and schematic of the anodic structure depicting the 
alignment of cavities and the reshape of the structure that occur along the process (b-c). 
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v. The aligned oxide rings normal to the surface finally exhibit the typical 
nanotubular morphology to the anodic structure 
The collapse of cavity walls will produce longer channels (normal to the surface, 
in the direction of the electric field), where electrical resistance is lowered and 
ions can flow more easily. As a result, the anodic oxide will develop as a series of 
nanotubes normal to the metal substrate, described in Fig. 6.9a and 6.9b. The 
thickness of the tubular layer ceases to increase once the chemical dissolution rate 
of the oxide at the oxide/electrolyte interface becomes equal to the rate of inward 
movement of the metal/oxide interface [14]. A 3D perspective of the tubular 
structure is presented in Fig. 6.9c. The tubes are shown as an elongated stack of 
rings, as illustrated in the SEM micrograph in Fig. 6.9d. These rings are formed 
by the anodic layers developed and dehydroxylised (Eqn. 6.4) sequentially. 
Clearly, as fresh layers are exposed to the film-electrolyte interface they will 
become more hydrated than the inner layer previously formed, where trapped and 
adsorbed water can be released into the cavities by condensation reactions. The 
presence of oxide rings, and the evolution of gas bubbles at the anode (Eqn. 6.10), 
as observed during certain experiments, also suggests that oxygen evolution itself 
may play a role in the expansion of the cavities and generation of nanotubes. In 
the case of anodisation of titanium in fluoride-based electrolyte, oxygen may 
evolve into the cavities from water trapped into the anodic film/gel. The rings 
would result from the relatively high internal pressure of the bubbles. Each cavity 
would be “constrained” by neighbouring cavities wall, and the only way to release 
gas would be on the free surface of the structure (i.e. oxide-electrolyte interface). 
This process would contribute to the collapse of the cavities and the development 
of the tubes (channels). The value of the critical current necessary for creating 
extended channels by cavities link up is possibly related to the applied voltage, as 
well as to the fluoride ionic concentration. A final consideration is that the 
nanotubes have ripples present on the walls. The anodising process is reasonably 
fast in water based electrolyte and the denser rings of oxide (which are probably 
harder on rejecting water) restructure together to form an irregular tube (i.e. 
ripples). The presence of ripples is sometimes observed in the organic electrolyte 
(98% glycerol) as presented in Chapter 4, where the tubes are generally more 
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well defined having much smoother surfaces, because of the slower process 
involved and also because of the lower dissolution rate, allowing more time for 
equilibrium to be attained. 
Figure 6.9 Longer channels generate in the anodic layer as the walls separating 
different cavities collapse (a-b). The final structure, schematically depicted in (c), 
consists of stacked oxide rings, developing normal to the metal substrate to form a 
nanotubular like array, clearly visible from SEM micrograph (d). 
150
 
Chapter 6	 New insights on the growth mechanism of anodised TiO2 NTs 
6.6 Conclusions 
A comprehensive TEM investigation of samples anodised for short to long anodisation 
periods (partly discussed in Chapter 3), combined with information obtained by SEM, 
provides new insight into the evolution of the anodic film and helps to explain the 
formation process of the titania nanotubes: 
i.	 In the presence of fluoride ions, a series of interconnected cavities are initially 
developed, which allows current to flow within the oxide/hydroxide film. 
ii.	 From our observations, there is no well-defined transition from a porous structure 
to a tubular one, as reported by other authors. The presence of oxide rings, which 
can be considered as the elementary component of the tubes, is apparent from the 
very early stages of the anodising process. 
iii.	 It is considered possible that the rings are a consequence of oxygen evolution (i.e. 
water hydrolysis) and sequential dehydroxylation of the gel at successive stages of 
the anodisation process (at least when using water-based electrolyte). The 
generation of oxygen would also contribute to form cavities within the oxide film, 
the walls of which subsequently collapse. 
iv.	 Results to date suggest that cavities and randomly dispersed pores link up due to 
the influence of electric field and ion flux to generate an array of tubes. Within the 
tubes, the diffusion of ions and the electrolyte (and water) can readily occur and be 
driven by the applied field. 
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CHAPTER 7 
DYE-SENSITISED SOLAR CELLS BASED ON ANODISED 

TiO2 NANOTUBES: A PRELIMINARY INVESTIGATION 

7.1 Aims of the Chapter 
Having optimised the growth of TiO2 tubes in both a water based and an organic 
electrolyte and understanding the underlying science of the growth mechanism 
(Chapters 3-6), the final stage has been to develop a device based on anodised titania 
nanotubes to investigate their properties and performances in a specific application. 
TiO2 anodic nanoarrays are of interest in many different fields, from biomedical [1-5] to 
photocatalysis [6-10], photovoltaic, particularly dye sensitised solar cell [11-15], 
protection of light sensitive materials [16] and gas-sensing [17-21]. Our studies, in 
collaboration with the Solar Cells Group in the Department of Chemistry at the 
University of Bath, have involved the use of anodised titania nanotubes in a Dye 
Sensitised Solar Cell (DSSC). The chapter begins with an introduction and discussion of 
the importance of developing sustainable energy alternatives and an overview of the 
history and different types of solar cells developed over the last half a century. The 
working principles of a dye sensitised solar cell are then explained, before presenting 
the preliminary work accomplished as part of this PhD. Due to the experimental 
difficulties encountered (e.g. titanium films deposited on a conductive glass detach from 
the substrate when applying an anodising voltage, as will be later discussed), it has not 
been possible to develop a front-side illuminated dye sensitised solar cell based on 
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anodised titania nanotubes grown on a conductive glass support. Nevertheless, 
considering the limited literature (to date), it has been of interest to focus on titania 
nanotubes grown on a titanium substrate to be used in a back-side illuminated cell. 
Preliminary results show the possibility to sensitise the nanotubes, realise charge 
separation following light adsorption and generate electric energy, although with low 
efficiency. These investigations provide a useful guideline for future work and 
improvements on the use of anodised titania nanotubes in DSSCs. 
7.2 The importance of developing sustainable energy alternatives 
Starting from the 1970s the crisis in energy supply experienced by the oil-dependent 
western world has led to a sudden growth of interest in alternative sources of energy. In 
addition, over the last few years, concerns associated with global warming and climate 
change, are forcing our generation to move away from traditional non-renewable energy 
sources based on fossil fuels toward sustainable, environmentally friendly options. 
Among them, the most obvious and immediate source of energy to be exploited is 
certainly the sun. Among the investigated options, attention has been given to the use of 
monocrystalline, polycrystalline and amorphous silicon, thin film and organic 
conductors and dye sensitised solar cells. While the market is still dominated by silicon 
based devices, there has been an attempt to study and move into cheaper solutions to 
make solar power even more competitive. 
7.2.1 Photovoltaic cells 
A solar photovoltaic cell is a one step conversion process which generates electrical 
energy from sunlight. Normally when light photons are adsorbed by matter, electrons 
are excited to a higher state within the material, but quickly relax back to their ground 
state. However, in a photovoltaic device, there is some built-in asymmetry which pulls 
the excited electrons away before they relax back to the ground state and feeds them to 
the external circuit, allowing for the generation of electrical energy directly from the 
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sunlight. In other words, the extra energy of the electrons generates a potential 
difference, defined as electromotive force (e.m.f.) which drives the electrons through a 
load in an external circuit to do electrical work. [22]. 
7.3 A brief history of solar cells 
The photovoltaic effect was first reported by Edmund Becquerel in 1839, using liquid 
state devices (i.e. solutions containing metal halide salts), and was mainly exploited by 
photography. The development of photovoltaic (i.e. conversion of sunlight into 
electricity) has been not been extensively successful until the 1950s, with the 
development of good quality crystalline silicon wafers capable of generating useful 
quantities of power suitable for solid state electronics applications. From the 1950s until 
now, photovoltaic has been indeed dominated by solid-state junction devices, mostly 
based on doped crystalline or amorphous silicon [22,23]. The following paragraphs 
provide a concise overview of the development of solar cells. 
7.3.1 First and second generations of solar cells 
The first generation of solar cells are based on a p-n junction, which is created by 
joining together two differently doped samples of semiconductors, and are mainly based 
on silicon. They represent the bulk of the market and they can be single crystal (more 
expensive, higher efficiencies), polycrystalline or amorphous. The Fermi level (average 
electron energy) in the semiconductor is lowered or raised by addition of dopants. 
Electrons and holes move to contrast this potential barrier and by doing so they generate 
a depletion layer (which corresponds to an electric field). Under illumination electron-
hole pairs are created by promoting an electron from the valence band to the conduction 
band. Recombination is prevented by the electric field generated by the depletion layer, 
which pulls electrons and holes apart and feeds electrons into the external circuit. 
[24,25]. The second generation of solar cells [26] appeared in the 1970’s, are based on a 
p-n hetero-junction and work on a very similar principles. There are two types of these 
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cells depending on the material (copper indium diselenide or cadmium telluride), which 
is coupled with the cadmium selenide to create a p-n heterojunction. Both first and 
second generations solar cells are based on a solid-state junction and their working 
principles can be identified as: 
i.	 Light absorption by the semiconductor. 
ii.	 Charge separation and extraction by drift (ie. driven by an electric field developed 
in the depletion layer at the junction), also occurring in the semiconductor. 
7.3.2 Dye sensitised solar cells, third generation of solar cells 
Dye sensitised solar cells (DSSCs), proposed by O’Reagan and Grätzel in 1991 [11] 
represent the most important type of third generation of solar cells. DSSCs represent a 
low cost alternative to the use of silicon based solar cells as their preparation does not 
involve the use of high technology processes, such as, for example, chemical vapour 
deposition. 
The core of a DSSC consists of a mesoporous network (a thin film up to 10µm) of a 
wide band gap semiconductor, typically titanium dioxide particles. The use of 
nanoparticles confers a surface area approximately a thousand times greater than that of 
a flat electrode of the same size. This allows for an optimised sensitisation of the oxide 
with a dye and harvesting of sunlight (TiO2 itself would only adsorb in the UV region). 
The system is completed by an electrolyte and a suitable degree of porosity is crucial to 
establish an intimate contact between the nanoparticles and the electrolyte, which has to 
penetrate into the oxide network to facilitate the regeneration of the dye. The working 
principles of a DSSCs are explained in detail in the next section; however it has to be 
emphasised that, unlike in the first and second generation of solar cells (inorganic solid-
state junction devices), where the semiconductor is responsible of the light absorption 
and charge carrier transport, the two functions are here separated, and the latter occurs 
by diffusion: 
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i. the light absorption occurs outside the semiconductor (titanium dioxide) phase, 
being accomplished by the dye from which the electron is then injected into the 
conduction band of the oxide. 
ii.	 charge separation by diffusion: the electron is injected within the conduction band 
of the oxide while the hole is in the dye, which has been oxidised. Therefore the 
electron-hole pair is physically separated in two different phases. The electron will 
diffuse through the oxide network toward the negative terminal of the cell, while 
the hole moves from the dye to the electrolyte (holes carrier) and will reach the 
positive terminal of the cell. It has been shown there is no electric field within the 
oxide nanoparticles and the charge separation is therefore driven not by drift, as in 
the case of the first and second generations, but rather by diffusion of the charge 
carriers. 
7.4 How does a dye sensitised solar cell work? 
As previously mentioned, a dye sensitised solar cell is characterised by a mesoporous 
layer of titanium dioxide nanoparticles (where electron percolation takes place; 
electrons carrier), a dye which maximises the harvesting of light and an organic 
electrolyte (holes carrier) containing a redox couple, usually the iodide/tri-iodide couple 
( I  / I 3 
 ) to regenerate the dye. Ideally the dye would be adsorbed as a monolayer on the 
surface of TiO2 nanoparticles and the sensitised film intimately in contact with the 
electrolyte. The system is sealed between the two electrodes. One is usually a 
conductive glass, such as fluorine doped tin oxide (FTO-glass) where the oxide film has 
been deposited and the other consists of a conductive glass with a thin layer of Pt 
deposited on the surface. The operating principles [23,27] of a dye sensitised solar cells 
are given in Fig. 7.1. The sensitizer (dye) harvests a photon from the sun and undergoes 
photo-excitation (Eqn. 7.1): 
hv *TiO2 / S  TiO2 / S	 (Equation 7.1) 
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From the excited state of the dye, one electron is injected in the conduction band of the 
TiO2, (Eqn. 7.2): 
TiO / S *  TiO / S    (Equation 7.2)2 2 eCB 
The charge injection process usually occurs in the femtosecond domain. The next step is 
the percolation (diffusion) of the electron through the oxide film to reach the electron 
and the external circuit. The dye has lost an electron and is regenerated by the redox 
couple in the electrolyte (Eqn. 7.3), which in turn is reduced by electron donation at the 
counter-electrode (Eqn. 7.4): 
 3  1 TiO2 / S  I  TiO2 / S  I 3 (Equation 7.3)2 2 
1   3 I  e  I (Equation 7.4)3 ( Pt )2 2 
Unfortunately a series of unwanted processes can also occur within the solar cell. Side 
reactions occur mainly at the grain boundaries of the oxide nanoparticles, which act as 
recombination centres. The presence of impurities also facilitates losses. It is observed 
that electron transport in DSSC depends strongly on light intensity, and this is attributed 
to a broad distribution of traps within the nanoparticle network. It is common to refer to 
a multiple trapping model [28,29]. One of the possible side-reactions is the “back 
reaction” between an electron injected in the conduction band of the oxide and the 
oxidised dye, (Eqn. 7.5): 
TiO / S   e  TiO / S (Equation 7.5)2 CB 2 
However this recombination process occurs over a time scale of several microseconds 
and it is much slower than the charge injection (Eqn. 7.2), allowing a good charge 
separation once the electron has been injected in the conduction band. The main loss 
mechanism in the cell is given when the injected electrode reacts with tri-iodide ion, 
(Eqn. 7.6) giving as a result iodide which represents the reduced form of the couples. 
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  I 3  2eCB  3I (Equation 7.6) 
This process is also known as “dark current” and occurs via traps and intermediate 
reactions. The voltage generated under illumination corresponds to the difference 
between the Fermi level of the electron in the solid and the red-ox potential of the 
electrolyte. There are no permanent chemical transformations and only electricity is 
produced because every interfacial oxidation at the photo-electrode is compensated by 
an interfacial reduction at the counter-electrode. 
Figure 7.1 Operating principles of a dye sensitised solar cell. The dye (S) adsorbs a 
photon from the sunlight (1) and undergoes photo-excitation to the excited state (S*). 
From there an electron is injected in the TiO2 conductive band (2) and diffuses through 
the oxide nanoparticle network (3) reaching the external circuit. The oxidised dye is 
regenerated by the red-ox couple in the electrolyte (4), which in turn is reduced by 
electron donation at the counter electrode (5). 
159
 
Chapter 7 DSSCs based on anodised TiO2 nanotubes: a preliminary investigation 
7.5 The origin of the photo-voltage and charge separation in DSSCs 
In a typical p-n junction of a silicon based solar cell, the photovoltage does not exceed 
the potential drop in the space-charge layer. However, in nanocrystalline cells it is 
normally accepted that the particles are too small to support a space-charge layer (i.e. no 
electric field to promote charge separation by drift), but the photovoltage can still be 
close to 1V [23]. In DSSCs the initial charge separation (photo-injection of electrons 
from the dye into the oxide and transfer of holes into the solution) is primarily 
kinetically controlled and, as already discussed, driven by diffusion rather than drift. 
The electrons are driven into the substrate electrode (collector) by the chemical potential 
gradient created by the photo-induced increase in the concentration of electrons in the 
TiO2 relative to the substrate electrode [30]. The photo-induced difference in 
electrochemical potential across the oxide/electrolyte interface (i.e. the difference in the 
quasi Fermi level for electrons in the oxide and the quasi Fermi level for holes in 
solution) sets up the limit for the photovoltage (see Fig. 7.1), since it is this difference 
and the fact that electrons and holes are confined in separated chemical phases that 
drives electrons toward the collecting electrode and holes toward the counter electrode. 
7.6 Replacing the mesoporous particles with a self-organised anodised 
TiO2 nanotubular array 
7.6.1 Motivation 
A comparison of a standard DSSC based on mesoporous titania nanoparticles and of an 
alternative one based on anodised nanotubes in a back-side illuminated configuration is 
schematically depicted in Fig. 7.2a and 7.2b respectively. The main reason that 
anodised titania nanotubes are of interest as a replacement to mesoporous titania in 
DSSCs is that an ordered nanostructured titania, normal to the collecting electrode, 
could lead to an enhanced charge collection efficiency by promoting a faster transport 
and a slower recombination of electrons in the oxide network [31]. 
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Figure 7.2 Schematic of a standard DSSC in which a mesoporous network of sensitised 
titanium oxide is employed (a) and of a back side illuminated DSSC in which the 
mesoporous particles are replaced by anodised titania nanotubes grown on a titanium 
substrate (b). 
Recombination occurs mainly at grain boundaries and defects in the oxide and it is 
thought that a straight path (possible by using nanotubes normal to the collecting 
electrode) would minimise losses observed in the nanoporous network. In fact, in the 
porous network, the electron follows a random path and should travel slowly, and 
encounters a higher number of “recombination points”. The only serious attempt to 
clarify this aspect has been made so far by Frank and coworkers [15]. It has been 
observed that the two different morphologies display similar transport times, but 
recombination is indeed much slower in anodised nanotubes which therefore exhibit a 
higher charge collection efficiency. Further studies and investigation are required, in 
particular it would be interesting to evaluate the impact of long nanotubes (10µm) on 
cell performance and electron transport properties. However, before investigating this 
step it is necessary to optimise the preparation of a nanotube based DSSC. The 
experimental work done and preliminary results are discussed in the following section. 
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7.6.2 Preparation of a back-side illuminated DSSC using anodised TiO2 
nanotubes 
TiO2 nanotubes synthesis and post-treatments 
Three different DSSCs have been prepared using nanotubes grown on a Ti sheet in a 
1M Na2SO4 aqueous solution containing a small amount of NaF (0.5%wt), at 20V after 
an initial voltage ramp of 100mV/s. As shown in Chapter 3, the length of the tubes 
prepared using these conditions is approximately 1.6µm. Anatase is normally the 
preferred crystal phase of TiO2 for photovoltaic devices, as it provides better 
performances than rutile, although there is yet to be a clear explanation for this 
observation. For the same film thickness, Park and colleagues [32] registered a lower 
photocurrent when using rutile and this has been associated with a smaller amount of 
adsorbed dye and therefore smaller surface area per unit volume in comparison to 
anatase. They also observed slower electron transport in rutile due to a poor 
interconnectivity between nanoparticles, which is crucial to ensure diffusion of the 
electrons through the layer. Therefore, based on experimental results presented in 
Chapter 3 and Chapter 5, anodised nanotubes were annealed in air at 400°C for 3h to 
induce the formation of anatase. 
Sensitisation of the TiO2 nanotubes 
Before being sensitised, specimens were treated at 400°C for 30min. to remove residual 
impurities (i.e. organic fragments, humidity), cooled down at 100°C and then immersed 
in the dye bath for 20h. The dye bath employed consisted of a 0.15mM solution of 
[tetrabutylammonium]2[Ru(4-carboxylicacid-4’-carboxilate-2,2’-bipyridyl)2(NCS)2], 
(also known as N719 dye), in a acetonitrile/t-buthanol (50:50 in volume). Sensitised 
titania nanotubes were then taken from the dye bath and left in acetonitrile to remove 
any excess (i.e. multilayers) of dye from the surface. Only a monolayer of dye properly 
bonds to the oxide via carboxylic groups. 
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Electrolyte 
The electrolyte used was a 0.5M solution of lithium iodide (LiI) and 0.05M of iodine 
(I2) in an acetonitrile/valeronitrile (85:15 in volume). The redox couple in the 
electrolyte, required to regenerate the dye after injection of an electron in the TiO2 
conductive band was therefore the iodide/triiodide redox couple (I-/I3-). 
Counter electrode 
A FTO (Fluorine doped Tin Oxide) conductive glass was used as a counter electrode. 
Two electrolyte filling holes (c.a.0.5mm diameter) were drilled using dentist diamond 
tipped drill bits. This is usually done by drilling from the conductive side and under 
water immersion. The substrate is then ultrasonically cleaned using isopropanol and 
absolute ethanol. A thin layer of Pt was then deposited on the conductive side of the 
glass by adding few drops of a 5mM solution of H2PtCl6 in isopropyl alcohol. The glass 
was left for 30min. on a hot plate at 400°C to allow evaporation of the solvent and the 
formation of a homogeneous layer of Pt across the glass. 
Assembly of the solar cell 
Cells were built in a back-side configuration, since the anodised nanotubes were grown 
on a titanium substrate and therefore the only way to illuminate them was from the 
counter electrode. Once the sensitised nanotubes were removed from the acetonitrile 
and dried with N2, the electrodes were joined together using 25µm thick spacer Surlyn 
(DuPont). This acts as spacer and glue to keep the components together. To assemble 
the components together it was necessary to use a hot plate at 100-120°C and pressed to 
melt the spacer and guarantee a good sealing to avoid electrolyte leakage. The cell is 
then ready to be filled with the electrolyte. Once filled with the electrolyte (using a 
needle to inject the electrolyte through the holes in the counter electrode), the holes 
were sealed using the Surlyn and a thin glass square piece. A picture of one of the cells 
prepared is visible in Fig.7.3a. It is possible to observe the Ti substrate, the area 
containing the electrolyte (introduced from the holes subsequently sealed with a glass), 
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the sensitised tubes and the counter electrode (with FTO-Pt layer facing the nanotubes), 
which was also silver painted for a better electrical contact. A schematic of the cell to 
provide a cross section view of the cell and its components is also shown in Fig. 7.3b. 
Figure 7.3 Picture (a) and schematic (b) of a DSSC based on anodised nanotubes, both 
showing the various components of the device such as the tubes, the electrolyte and the 
Pt coated counter electrode. The cell was back-illuminated, as the nanotubes were 
grown on a titanium substrate. 
7.7 Results 
To evaluate the behaviour of the cell, the most common characterisation methods are 
the incident photon to current conversion efficiency (IPCE) and the current-voltage (iV) 
curve registered under the light of a solar simulator. The first technique, probes the 
ability of a cell to convert the incident light to electrons as a function of wavelength and 
it is schematically shown in Fig. 7.4. The response mainly depends on the type of dye 
(i.e. different adsorption at different wavelength) and the thickness of the film, which 
determines how much dye is adsorbed and therefore the output current registered. The 
instrument consists of a white light source (Xe lamp), a monochrometer, a chopper 
which periodically switches off the light beam and a lock-in amplifier. A lock-in 
amplifier is used to eliminate noise from the signal and only picks up an electrical signal 
which is in phase with the chopper. The scans were performed from 400 to 700nm. The 
164
 
Chapter 7 DSSCs based on anodised TiO2 nanotubes: a preliminary investigation 
measurement is performed against a standard calibrated photodiode for which the 
wavelength response is known (i.e. the photodiode is assumed as 100% efficient). 
Figure 7.4 Schematic of the apparatus used to determine the IPCE of the solar cell built 
using anodised TiO2 nanotubes. The instrument measures the current generated by the 
cell at a certain wavelength, enabling evaluation of the performance of the cell at 
different wavelengths [25]. 
The plot in Fig. 7.5 shows the typical response of a back-side illuminated solar cell 
prepared from 1.6m thick anodised TiO2 nanotubes sensitised with a N719 dye. As 
expected the maximum conversion is at approximately 520nm, with an IPCE value of 
16%. A standard front illuminated DSSC would have an IPCE of 80-90% at that 
wavelength [23]; a small loss can be attributed to the fact the cell is back illuminated 
and therefore a small portion of the light is likely to be adsorbed by the electrolyte 
rather than the dye, however the main reason to explain the relatively low values 
observed for the IPCE is the non-optimal thickness of the film, which does not allow 
adsorption of an adequate amount of dye onto the TiO2 surface. Nevertheless, the IPCE 
curve in Fig. 7.5 confirms the dye has been properly adsorbed by the nanotubes and that 
electrons can be photoinjected in the conduction band of the oxide from the excited dye. 
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Figure 7.5 IPCE curve of a back-side illuminated cell based on anodised nanotubes 
sensitised with N719 dye. Best photon to current conversion is registered in the zone 
510-520nm with a maximum peak at 16%. 
Figure 7.6 Schematic of the solar simulator used to determine the iV curve of dye 
sensitised solar cells. The simulator delivers a light which is filtered to match that of the 
solar spectrum, allowing the determination of the performance of the cell [25]. 
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The iV curve of the cell has been measured using a solar simulator, which is 
schematically shown in Fig. 7.6. The light of a Xe lamp is passed through a solar 
spectrum matching filter and collimated to the solar cell. The solar spectrum normally 
utilised to characterise the solar cells is known as air mass 1.5 (AM1.5), which 
corresponds to a typical spectrum for moderate climes, and measurements were taken at 
1 sun, equivalent to an incident power ( Pinc ) of 1000W/m
2 [27]. 
The parameters characterising the solar cell [25,27] are the short circuit current ( isc ), the 
open circuit voltage (Voc ) and the fill factor ( ff ), which is given by: 
i Vmp mpff  (Equation 7.7)
i Vsc oc 
where imp and Vmp are respectively the current and the voltage values at which the cell 
delivers its maximum power. The fill factor provides a measure of the power losses (i.e. 
deviation from the ideal iV curve).The efficiency of the cell ( ) is given by: 
1 i Vsc oc    ff (Equation 7.8)
A Pinc 
where A is the area of the cell. The iV curve of the prepared cell is visible in Fig. 7.7. 
The cell is characterised by a short circuit current of 0.93mA (over an area of 0.78cm2) 
and a open circuit voltage of 0.69V. The filling factor is 56.2% and the efficiency of the 
cell is therefore 0.46%. Again the main reason of the relatively low efficiency of the cell 
appears to be the limited thickness of the nanotubes layer, which limits the amount of 
dye adsorbed and therefore the harvesting of light from the sun. 
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Figure 7.7 iV curve of the DSSC showing a short circuit current of 0.93mA, an open 
circuit voltage of 0.69V and a fill factor of 56%. The overall efficiency of the cell was 
0.46%. 
7.8 Other experiments performed and technical challenges 
7.8.1 Anodisation of titanium film deposited on conductive glass 
It should be noted that all the attempts to deposit a titanium layer on conductive glass 
and anodise it to generate the nanotubes directly on a transparent substrate (i.e. 
developing a front illuminated solar cells), have failed. Both electron beam evaporation 
and sputtering techniques have been used to deposit Ti. In some cases the metal was 
deposited on a heated substrate (in the attempt to reduce thermal stresses). The Ti layer 
(of thickness 1-1.5µm) sputtered or evaporated on the glass was then anodised to 
generate the nanotubes. However the anodisation step was not successful. Once in the 
electrolytic solution and ready to be anodised, the Ti film peeled off from the glass 
substrate as soon as a voltage (1V or higher) was applied to the cell. To date there is 
only one published paper [13] discussing the anodisation of titanium on conductive 
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glass to generate anodised nanotubes to be used in DSSCs, although there are several 
doubts concerning this step, as it has not been possible to replicate. 
7.8.2 Back illuminated DSSCs from nanotubes grown in glycerol 
An attempt to increase the IPCE and the efficiency of the cell, has been made using 
nanotubes grown in NaF/Glycerol (Chapter 4), having a thickness from 3 to 5µm. The 
idea was to adsorb a greater amount of dye on TiO2 (because of the higher surface area 
provided by thicker layers) and therefore maximise the harvesting of light. However, a 
number of problems have emerged during the preparation of the DSSC and it has not 
been possible to obtain any significant data using thicker tubes. Major difficulties 
encountered were due to the instability of the tubes grown in glycerol to the treatments 
needed to prepare a DSSC. The anodic film is weakened by the cleaning procedure 
required to remove the obstructive layer (see Fig. 4.1b) from the top (mouth) of the 
tubes (otherwise the dye would not penetrate inside the tubes). As a consequence of the 
cleaning step, the anodic film peels off from the substrate during the annealing or the 
sensitisation step. For future work involving the use of thicker (few micrometers thick) 
titania nanotubes array, it is necessary to consider an alternative electrolyte in order to 
increase the stability of the tubes. From a very recent publication, it appears as the use 
of ethylene glycol, for example, allows for the growth of thick and stable titania 
nanotubes, suitable for making DSSCs [33]. 
7.9 Conclusions 
To summarise, from a preliminary investigation on the use of anodised titania nanotubes 
in DSSCs it can be concluded that: 
i.	 TiO2 nanotubes grown in a water based media have been successfully used to 
prepare a back-illuminated DSSC. It appears that sensitisation and the injection of 
electrons in the nanotubes is possible, although the presence of a carbonious layer 
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detected from XPS (Chapters 4-5) may have had a negative influence. The open 
circuit voltage observed is comparable with values reported in literature for 
standard sensitised cell while the output current is lower because of the limited 
thickness (1.6µm) of the tubes. For the same reason the IPCE is not as good as 
values reported for conventional DSSC. 
ii.	 The development and construction of front-illuminated solar cells based on 
nanotubes is rather problematic as the titanium film deposited on the conductive 
glass support does not adhere properly and peels off as soon as an anodisation 
voltage is applied. 
iii.	 One of the key factors for the successful use of thicker anodised layer in dye 
sensitised cell is to ensure the anodic layer is stable and does not crack and easily 
detach during the preparation stages (annealing, sensitisation, cleaning). It can be 
concluded the 3-5.5µm layer synthesised in glycerol media are not suitable for 
being used in DSSCs as they are extremely delicate. Therefore the use of 
alternative electrolyte is recommended. More considerations and suggestions are 
discussed in the conclusive part of this thesis (Chapter 8). 
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CHAPTER 8
 
GENERAL CONCLUSIONS AND 

CONSIDERATIONS FOR FUTURE WORK
 
8.1 Summary of the targets achieved 
A general summary of the achievements of this PhD is presented in the final chapter of 
this thesis. Considerations and suggestions for future research on anodised TiO2 
nanotubes are also discussed. As highlighted in Chapter 1, the main targets to be 
achieved within this research project were: 
i.	 The optimisation of the anodic process to obtain a reproducible growth procedure. 
ii.	 An investigation of the thermal stability of the nanotubes and their degree of 
crystallinity and crystal structure. 
iii.	 An extensive characterisation of the nanotubes in the attempt to clarify the growth 
mechanism, since there was a general lack of understanding in literature. 
iv.	 The development of a Dye Sensitized Solar Cell (DSSC) using TiO2. 
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8.2 Optimisation of the anodising process 
The growth process of anodised TiO2 nanotubes has been optimised in two different 
types of electrolyte media, an aqueous Na2SO4/NaF solution (Chapter 3) and a 
NaF/Glycerol solution (Chapter 4). 
8.2.1 Na2SO4/NaF aqueous electrolyte 
Reproducibility in the nanotubes growth, using a water based electrolyte, has been 
obtained. The best results, in terms of nanotubes morphology, was observed for a 
fluorine concentration in the order of 0.5wt.%. The maximum thickness of the film is 
approximately 0.8μm when working under potentiostatic conditions and can be 
extended up to 1.5-2μm with the aid of an initial voltage ramp before setting the voltage 
at its constant final value (20V). The study of the influence of the voltage ramp on the 
early stages of the process has been of interest to clarify the processes occurring in the 
anodic film while the voltage is ramping. While keeping other parameters identical, a 
voltage ramp maximised the migration of ions through the anodic layer, since it allowed 
cavities to form at the very beginning of the process, when the anodic layer is very thin 
(only few nm thick). In addition the microscopy studies undertaken on specimens 
anodised for different times have shown that the tubular morphology of the structure is 
generated from the very early stages of growth (i.e. early formation of oxide rings). This 
excludes any sort of transition from pores to tubes, often suggested in literature. As a 
result of the piling up of the different titania nanoparticles, the final tubular structure 
exhibits ripples along the tube wall. A possible cause of these irregularities may also be 
the evolution of oxygen at the anode. 
8.2.2 NaF/Glycerol electrolyte 
The idea to switch on organic electrolytes was driven by the desire to generate thicker 
tubes, suitable for a various range of applications including biomedical, photo-catalysis, 
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photo-splitting of water, photo-voltaic devices (dye-sensitized solar cells) and gas 
sensing. The use of an organic electrolyte media allows the growth of longer nanotube 
layers in comparison to water based electrolytes, with best results obtained at 20-30V, 
where a good compromise between oxidation and dissolution is achieved. In particular, 
it is possible to generate tubular layers 5.5μm in length by anodising for approximately 
48h, whereas at a longer anodising time the film collapses. SEM observations indicate 
the formation mechanisms in glycerol and water appear to be identical. It has been of 
interest to observe the presence of irregularities along the tube walls (i.e. ripples) also in 
tubes grown in glycerol. Again, the ripples have to be related with the presence of water 
in the electrolyte and the evolution of oxygen at the anode. 
8.2.3 Suggestions for future work 
Regarding the generation of the tubes in water-based electrolytes, there is today 
extensive literature available to which the reader may refer to develop an optimised 
growth condition. It can be concluded there is little to improve as the process is 
inevitably limited by the higher dissolution of the forming oxide in aqueous media. It 
could be of interest to investigate the process under galvanostatic conditions as the 
majority of the work to date has been performed under a potentiostatic regime. Another 
aspect worthy of investigation would be the growth of the tubes at a slightly higher 
temperature (not too high to avoid the complete dissolution of the oxide) to verify 
whether it is possible to produce fully crystalline anodised TiO2 tubes without the need 
of a heat treatment. 
Concerning the use of a glycerol-based electrolyte, one of the weak points of the work 
undergone within this project is the stability of the structure. The tubes grown in 
NaF/Glycerol are not as stable as those grown in aqueous media. For example, the 
nanotubular structure was observed to collapse for anodising at times longer than 48h 
and problems emerged during the annealing of the tubes to generate anatase (see next 
sections). Future research in developing a growth process to obtain anodised TiO2 
nanotubes within the range of several micrometers should consider the use of alternative 
organic media. There have been recent publications demonstrating the growth of longer 
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nanotubes in ethylene glycol and this electrolyte could represent a good starting point 
for future investigations. In addition, the influence on the anodic growth of different 
water contents in the same organic electrolyte is surely worthy of further studies. It 
would help, for example, to clarify whether the irregularities and ripples on the tube 
wall observed in this PhD project are related with the development of oxygen, 
considering the water content in the glycerol solution was approximately 2%. Since 
nanotubes can now be grown relatively easily, it is also time to shift the attention of 
future investigations on anodised TiO2 nanotubes into a more applied prospective. A 
comprehensive study of their behaviour, properties and performances in several fields 
(including biomedical, photovoltaic, gas-sensing and catalysis) can be regarded as the 
next step to be addressed with respect to the research on anodic titania nanostructures, 
particularly nanotubes. As a final consideration it is better to avoid cleaning of the 
nanotube array using organic solvents, due to the high amount of carbon contamination 
detected using XPS (Chapters 3-5). This removal of organic solvents should also have 
a positive impact on the performance of the tubes when used in a specific application, as 
the presence of contaminants is likely to worsen the catalytic and photovoltaic 
properties of the anodic TiO2 nanoparticles. 
8.3 Thermal stability and cristallinity of the tubes 
It was important to investigate the stability of the nanotubes at higher temperatures as 
most of applications, in which TiO2 is of interest, require crystalline titania and as-
prepared films are amorphous, making a heat treatment necessary to generate crystals. 
The fact the nanotubes can withstand a temperature of the order of 500-550°C without 
undergoing a morphological change is therefore crucial. In addition, it is possible to 
convert them to anatase (the preferred phase to develop DSSC from nanotubes) within a 
temperature range 300-450°C, as confirmed by Raman and HRTEM analysis. 
The presence of rutile in the anodic film remains controversial. Rutile is clearly detected 
by Raman spectroscopy, but not by HRTEM although it should be remembered the 
method adopted for calculating the d-spacings was not particularly accurate and did not 
permit resolution of the structure of the crystals. This raises the question whether rutile 
176
 
Chapter 8 General conclusions and considerations for future work 
may form just at the interface metal-oxide following oxidation of the Ti substrate, rather 
than in the tubular structure (as also suggested in literature). In addition, XPS analysis 
shows fluorine ions, which contaminate the tubes before the heat treatment, are 
gradually ejected from the anodic layer following annealing. 
8.3.1 Suggestions for future work 
A comprehensive TEM study including the calculation of the d-spacing from diffraction 
patterns observed, would certainly help to clarify the presence or the absence of rutile 
within the tubes. 
8.4 Growth mechanism 
The use of SEM and TEM has helped to clarify several aspects behind the growth of the 
tubes and develop a new and complete growth model mechanism based on experimental 
results. From our observations, there is no a well-defined transition from a porous 
structure to a tubular one, simply because the presence of oxide rings is clear from the 
very beginning (30s) of the anodisation process. Furthermore the presence of a pH 
gradient within the top and the bottom of the tubes, often suggested as the key to extend 
the oxidation process to longer times, has to be excluded, especially when working in 
aqueous solutions. The evolution of oxygen at the anode is thought to play a role in the 
development of the tubes, as it explains why the nanoparticles develop a characteristic 
ring shape. Results to date suggest that cavities and randomly dispersed pores link up 
and align to each others due to the influence of an electric field, forming an array of 
tubes. Within the tubes the diffusion of ions, electrolyte and water (essential to maintain 
the oxidation process active) can readily occur. 
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8.4.1 Suggestions for future work 
The use of a three electrode cell (i.e. using a reference electrode to compensate the 
voltage drop at the surface of the anode) may be considered as it would allow accurate 
measurement of current and determine the charge passing through the anode and the 
efficiency of the anodising process. 
8.5 TiO2 nanotubes in DSSCs 
Due to time constrains, the investigation on the use of anodised TiO2 nanotubes in dye-
sensitized solar cells has been only partially assessed. TiO2 nanotubes grown in a 
water–based media have been successfully used to prepare a back-illuminated DSSC 
and the open circuit voltage comparable with values reported in literature for standard 
sensitized cell. This is encouraging as it indicates there are no reasons why the 
nanotubes should not perform as well as commercial titania nanoparticles commonly 
used or better, due to the reasons outlined in Section 7.7. The output current is rather 
low and limits the efficiency of the cell to less than 1%. This is explained by the limited 
thickness (1.6µm) of the tubes. For the same reason the IPCE is not as good as values 
reported for a conventional DSSC. 
8.5.1 Suggestions for future work 
To enhance the performances of the DSSCs , thicker anodised layers are required. The 
ideal solution would be also to switch to anodised TiO2 nanotubes grown directly on 
conductive glass, allowing front illumination of the cell (i.e. minimising losses). 
However, this task is very difficult to assess and it is more reasonable to focus on the 
use of thicker layer, but keeping the cell back illuminated. This should permit the 
development of DSSCs on a quicker and safer time scale and still realise a complete 
characterisation of the cell (i.e. more detailed than a simple evaluation of i-V and IPCE 
curves). The study of the electron transport and recombination phenomena in the 
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nanotubes is necessary to gain a better understanding of the cell characteristics. These 
types of studies are currently lacking in the existing literature. In addition, a comparison 
with results available for the standard design cells (using commercial nanoparticles) 
would help to evaluate if the use of the nanotubes can lead to an improvement of the 
cell performance. In fact, as a result of the different morphology of the two materials 
(random particles versus self-organised tubes) it is likely that their behaviour will be 
different (i.e. different concentrations of traps or electron transport through the oxide 
layer). As discussed in Chapter 7, it is important to ensure the stability of the anodic 
layer, which should not crack and detach from the surface during the DSSCs 
preparation stages (annealing, sensitization, cleaning). Unfortunately from the studies 
undertaken within this PhD, it can be concluded that the 3-5.5µm layer synthesised in 
glycerol media are not suitable for being used in DSSCs (and probably others 
applications) as they are extremely delicate. Therefore the use of alternative electrolyte 
is recommended. 
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